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SELF- PROPAGATING  HIGH-TEMPERATURE  SYNTHESIS: 
TWENTY  YEARS  OF  SEARCH  AND  FINDINGS* 


Alexander  G.  Merzhanov 
The  Institute  of  Structural  Macrokinetics 
USSR  Academy  of  Sciences 
Chernogolovka,  Moscow,  USSR 


Abstract 


A  historical  account  of  the  development  of  the  SHS  method  in  the  Soviet 
Union  is  presented.  Accomplishments  along  theoretical  and  applied  directions 
in  the  synthesis  of  a  large  number  of  materials  are  described.  The  uniqueness 
and  advantages  of  the  SHS  process  and  its  adability  in  the  processing  of 
materials  are  discussed. 


*Keynote  Address 


10/  p. 


1.  Introduction 

The  aim  of  this  paper  is  to  show  how  the  research  and  development  activity 
in  the  field  of  self -propagating  high-temperature  synthesis  (SHS)  has  been 
originated  and  been  developed  in  the  USSR,  consider  the  main  trends  and  periods 
in  this  work,  demonstrate  the  most  important  achievements  in  our  studies,  and 
outline  future  directions  of  our  research. 

SHS  is  one  variety  of  combustion.  In  the  updated  interpretation  SHS  is  a 
combustion  process  of  any  chemical  character  resulting  in  the  formation  of 
valuable  condensed  products  (materials)  for  practical  purposes.  The  medium 
which  is  able  to  interact  under  the  SHS  regime  may  be  in  various  states: 
solid,  liquid,  gaseous  and  mixed.  It  is  important  that  after  cooling  the 
combustion  product  it  should  be  a  solid  substance  in  order  to  be  further 
utilized.  Nevertheless,  the  first  experiments  which  led  to  the  notion  "Self- 
propagating  High  Temperature  Synthesis"  were  of  a  rather  specific 
characteristic,  i.e.,  the  initial  solid  substances  reacted  in  self-propagating 
regime  with  high  self-heating  and  formed  hard  refractory  products  even  at  high 
combustion  temperatures. 

Borovinskaya,  Shkiro,  and  the  author,  all  members  of  the  Institute  of 
Chemical  Physics,  USSR  Academy  of  Sciences,  discovered  the  phenomenon  of  self- 
propagating  high-temperature  synthesis  in  1967  [1,2]  when  studying  the 
combustion  of  cylindric  compacts,  consisting  of  the  titanium-boron  mixture. 
Figure  1  (a  historical  relic  now)  presents  one  of  the  first  SHS  processes. 
There  is  clearly  a  luminous  front  separating  the  initial  reactant  mixture  from 
white-hot  but  solid  combustion  product  (titanium  boride  in  this  case,  a 
valuable  heat-resistant  compound). 

Processes  in  which  the  initial  substances  and  the  products  are  solid  at 
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the  combustion  temperature,  were  recently  called  "Solid  Flame".  This  term  is 
now  used  for  the  description  of  primary  SHS  process  to  distinguish  it  from  a 
vast  variety  of  modern  SHS  processes.  The  discovery  of  "solid  flame"  attracted 
much  attention.  It  became  a  new  objective  of  the  combustion  theory  because  of 
the  contradiction  to  low  velocities  of  mass-transfer  in  the  solid  phase,  great 
heat  capacity  of  the  produced  condensed  products  since  they  were  not  gaseous  as 
In  the  case  of  fuel  combustion.  However,  it  should  be  noted  that  the 
combustion  products  became  no  less  a  matter  of  interest  than  the  process 
Itself.  The  most  valuable  refractory  compounds  (borides,  carbides,  silicides, 
and  the  like)  are  not  easily  produced  by  conventional  production  methods.  This 
was  a  new  method  of  synthesis  which  later  received  a  large  development  effort. 

It  is  worthy  to  say  a  couple  of  words  about  the  discovery  of  solid  flame 
and  the  SHS  method.  The  authors,  the  specialists  in  combustion,  were  engaged 
in  the  study  of  the  combustion  mechanism  in  gasified  systems,  analogous  to 
explosives  and  propellants.  The  search  for  simple  gasless  systems,  capable  of 
burning  practically  without  gas  evolution,  was  undertaken  to  verify  original 
theoretical  assumptions  In  modeling  one  of  the  combustion  stages.  It  led  to 
the  observation  mentioned  above  regarding  the  titanium-boron  system.  However, 
the  products  produced  in  the  first  experiments  appeared  to  be  unexpectedly 
hard,  which  prompted  the  probability  of  a  new  approach  to  the  problem  of 
refractory  compounds  synthesis.  It  also  became  a  crucial  point  of  combustion 
mechanism  and  factors  affecting  the  combustion  products.  A  special  group 
headed  by  Borovinskaya  was  organized  in  the  laboratory  of  macrokinetics  at  the 
Institute  to  study  the  SHS  processes.  The  author,  who  was  the  laboratory  chief 
at  that  time,  took  an  active  part  in  the  research.  Though  there  were,  of 
course,  moments  of  deep  uncertainty,  this  was  an  exciting  period  of  our 
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activity,  full  of  thrilling  anticipations  and  discoveries  which  strengthened 
our  Interest  In  the  problem.  The  Investigation  of  the  combustion  of  metal 
porous  substances  In  nitrogen  (gaseous  and  liquid)  led  to  the  theory  of 
filtration  combustion.  Oscillatory  and  spin  waves,  discovered  at  that  time, 
became  an  important  contribution  to  the  general  theory  of  chemical  stability 
processes. 

At  the  end  of  the  1960's,  i.e.,  at  the  very  start,  the  finding  of  every 
new  system  consistent  with  the  SHS  process  seemed  to  be  a  great  success. 
However,  It  soon  became  clear  that  they  were  numerous.  The  formation  of  a 
refractory  compound  of  metal  and  non-metal  stable  at  high  temperatures  is 
accompanied  by  heat  evolution.  Consequently,  it  may  be  produced  by  the  SHS 
"Nnethod.  Self-propagating  high-temperature  synthesis  turned  cut  to  be  a  viable 
method  for  industrial  production  of  valuable  compounds  applicable  in  industrial 
technology. 

Since  1972  technological  Investigations  have  been  developing  to  produce 
large  amounts  of  SHS  products.  A  pilot  Installation  was  created  at  the 
Institute.  The  first  SHS  production  (10-20  tons  a  year)  was  for  refractory 
compound  powders  (carbides,  nitrides,  diborides  and  carbonitrides  of  titanium; 
boron  and  aluminum  nitrides;  titanium  and  molybdenum  silicides,  etc.).  Their 
successful  application  In  sintering  and  gas-thermic  sputtering  in  powder 
metallurgy,  and  In  particular,  as  abrasive  powders,  stimulated  further 
development  of  technological  work.  However,  it  should  be  noted  that  SHS 
products  differ  from  their  furnace-counterparts  in  purity  and  structure. 
Therefore,  their  application  required  somewhat  different  processing  conditions. 
At  the  early  stage,  the  lack  of  understanding  of  this  circumstance  aroused  a 
cautious  attitude  towards  the  SHS  method  from  specialists  in  the  traditional 
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materials  science,  thus  restraining  practical  development  of  the  problem. 

In  1975  at  the  Institute  the  work  on  the  direct  synthesis  of  SHS  materials 
and  articles  without  an  intermediate  stage  of  powder  synthesis  was  started.  A 
set  of  original  processes  was  designed  in  which  SHS  itself  was  combined  with 
the  traditional  methods  of  metallurgy  and  technology  of  machine  building 
(sintering,  hot  pressing,  extrusion,  rolling,  explosive  compaction,  deposition 
by  welding,  centrifugal  casting,  electrowelding).  By  that  time  our  attention 
had  been  shifted  to  multicomponent  materials  of  complex  structure,  parts  and 
articles  of  required  shape  and  size  with  desired  operational  properties,  and 
coatings  with  high  adhesiveness.  The  synthesis  of  the  material  components,  the 
process  of  structurization,  the  formation  of  shape  of  the  article  or  its 
coating,  being  combined  into  one  process  showed  the  way  to  the  realization  of 
SHS  vast  potential.  Many  results  obtained  in  this  direction  have  not  been 
elucidated  in  the  literature.  It  is  a  pity  that  the  scientific  community  is 
unaware  of  some  rather  Important  achievements. 

The  industrial  production  of  SHS  materials  was  brought  to  life  at  the 
Klrovakan  Plant  of  High  Temperature  Heating  Elements  at  the  end  of  the  1970's. 
The  production  of  molybdenum  disilicide  powder  and  MoSig-based  heating  elements 
demonstrated  the  advantages  of  the  new  technology  -  the  increase  in 
productivity,  the  decrease  in  material  and  labor  costs  and  the  improvement  of 
the  product  quality.  It  is  of  interest  that  for  some  time  there  coexisted  both 
old  and  new  technologies  at  the  plant.  Later  the  former  was  forced  out  and 
SHS-based  manufacture  Increases  steadily  to  higher  technical  and  economical 
levels. 

The  commercial  realization  of  SHS  processes  suffered  from  continuous 
opposition  by  supporters  of  conventional  approaches  which  had  already  been  in 
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production.  In  their  opinion,  the  SHS-processes  could  not  be  controlled  and 
hence  could  not  provide  the  required  quality  of  products,  needed  costly  raw 
materials  and  could  not  find  wide  application  in  technology.  However,  time  and 
experience  showed  that  there  was  no  foundation  for  such  fear. 

A  large  research  experience  allowed  deep  and  complete  understanding  of  the 
combustion  of  processes  going  on  in  SHS  and  led  to  a  new  approach  to  the  theory 
of  SHS  at  the  end  of  the  1980's,  which  was  termed  "Structural  Macrokinetics". 
The  objective  of  its  research  became  direct  and  indirect  relations  among  the 
rates  of  the  chemical  reactions,  heat-  and  mass  exchange  and  structural 
transformations.  This  approach  allows  the  entire  transition  from  the 
destruction  of  initial  reactants  structure  to  a  new  structure  formation  in  the 
products  and  gives  the  possibility  of  controlling  the  properties  of  the 
synthesized  materials.  Currently,  structural  marokinetics  is  the  main 
direction  of  the  fundamental  research  In  the  field  of  SHS.  The  center  of  the 
SHS  Investigations  Is  the  Institute  of  Structural  Macrokinetics  of  the  USSR 
Academy  of  Sciences,  organized  in  Chernogolovka  in  1987.  Its  staff  Is  mainly 
composed  of  the  scientific  workers  of  the  Institute  of  Chemical  Physics  whose 
work  was  largely  concerned  with  the  problems  pertinent  to  the  SHS  processes. 

The  main  contributors  to  the  development  of  the  SHS  theory  and  practice 
are  Borovinskaya  and  coworkers,  Aldushin,  Grigoriev,  Maltsev,  Rosenband, 
Stolin,  Khaikin,  Steinberg,  Stessel,  and  their  colleagues  Maksimov,  It i n  (Tomsk 
University),  Dolukhanyan  and  Kharatyan  (Erevan,  Institute  of  Chemical  Physics), 
Karyuk  (Kiev,  Institute  of  Materials  Science),  and  others. 

For  almost  half  the  time  (more  than  10  years)  the  problem  of  SHS  was 
mainly  Investigated  In  the  Soviet  Union.  Only  in  the  early  1980's  did  it 
become  multi-national.  To  my  mind,  it  was  an  interesting  review  by  J.  Crider 
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"Self-propagating  High-temperature  Synthesis  -  A  Soviet  method  of  Producing 
Ceramic  Materials",  which  stimulated  an  interest  in  the  SHS  processes  in  a 
number  of  countries.  The  most  active  research  and  development  has  been 
Initiated  In  the  USA  and  Japan.  Also,  the  "DARPA”  program  (1984-1986)  involved 
some  organizations  and  scientists  In  the  solution  of  the  problems  pertinent  to 
the  SHS  technology.  The  names  of  Holt,  Munir,  Matkowsky  (USA),  Koizumi, 
Miyamoto,  Odawara  (Japan)  and  their  work  are  well  known  to  the  Soviet 
scientists.  The  world  recognition  of  the  SHS  as  a  new  scientific  and 
technological  field  is  a  reliable  ground  for  international  collaboration  on 
this  problem. 

Following  are  the  main  aspects  of  the  SHS  problem.  These  are:  the 
combustion  theory,  chemical  synthesis  and  materials  science,  technology  and 
structural  macrokinetics.  Because  of  the  great  amount  of  the  experimental 
research  material  which  had  accumulated  over  the  years,  only  the  statement  of 
conceptions  and  description  of  some  interesting  examples  will  be  dealt  with  in 
this  paper. 

2.  Combustion  Theory* 

The  SHS  problem  took  Its  source  from  combustion  and  developed  towards 
materials  science.  Therefore,  it  is  not  a  surprise  that  it's  combustion  part 
was  studied  the  most  thoroughly  during  investigations. 

We  will  consider  some  problems  in  the  theory  of  SHS-system  combustion. 
With  respect  to  the  oscillatory  processes  (such  as  SHS)  they  can  be  summarized 

♦The  term  "theory"  in  our  consideration  involves  qualitative 
Interpretations  of  the  process  with  the  quantitative  apparatus  for  their 
description  Independent  of  the  way  they  were  obtained  -  experimentally, 
analytically  or  by  calculations. 
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as  follows:  The  laws  of  combustion  front  propagation;  The  structure  of  the 
combustion  wave  (zone);  The  mechanism  of  the  combustion  process.  It  Is 
noteworthy  that  In  our  study  of  the  SHS  processes  we  made  extensive  use  of  the 
Soviet  school  of  combustion  founded  by  Semenov,  Zeldovitch,  Frank-Kamenetsky, 
Belyaev  and,  in  particular,  of  the  methodology  of  investigations  developed  for 
the  combustion  of  gases  and  gasified  condensed  systems  [3*8]. 

2.1.  The  Laws  of  Combustion  Front  Propagation 

In  the  majority  of  SHS  processes  the  combustion  front  presents  a  smooth 
surface  (planar  or  slightly  curved),  which  propagates  layer- to- layer  with  a 
constant  velocity.  The  study  of  the  combustion  velocity's  dependence  on 
various  parameters  Is  the  most  popular  and  simplest  task  in  the  Investigations. 
A  large  number  of  them  have  been  conducted  presently.  Some  of  their  results 
are  summarized  recently  by  the  author  [9].  There  should  be  two  groups  of 
parameters  outlined.  One  of  them  characterizes  the  initial  reactant  mixtures 
(chemical  composition,  shape  and  size  of  reactant  particles,  and  shape,  size, 
and  density  of  samples).  The  other  characterizes  the  combustion  conditions 
(composition  and  pressure  of  the  environment,  Initial  temperature  of  the 
compact,  the  method  and  Intensity  of  combustion  Initiation,  or  additional 
external  effects).  The  laws  of  the  combustion  front  propagation  differ  for  the 
two  most  typical  SHS-systems.  These  are:  a)  mixed  system,  which  consists  of 
the  reactant  particles  mixture  (gasless  combustion  [10]),  and  b)  hybrid  system, 
In  which  burning  Is  accompanied  by  gaseous  reactant  participation  (filtration 
or  permeation  combustion  [11-13]).  It  should  be  noted  that  in  the  latter  case 
the  laws  are  more  Interesting  and  diverse.  At  present  the  Influence  of  one  or 
another  parameter  on  the  combustion  velocity  Is  almost  clear.  Rare  anomalous 
cases  ere  thoroughly  studied. 
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For  the  SHS  processes  the  exact  value  of  the  combustion  velocity  Is 

commonly  of  no  importance.  How ever,  the  quantitative  study  of  Its  dependence 

on  various  parameters  Is  useful,  since  It  contains  valuable  Information  on  the 

process.  Stationary  layer-to-layer  regime  of  combustion  is  not  always 

realized.  Sometimes,  during  SHS  reactions  there  arise  situations  in  which  the 

combustion  front  propagates  with  time  or  spatial  inhomogeneities 

(unsteadiness).  An  Important  event  In  the  combustion  theory  was  the  discovery 

of  oscillatory  and  spin  regimes  of  the  front  propagation  [14].  In  the  former 

case,  the  layer-to-layer  nature  of  combustion  Is  retained,  however,  the  front 

propagation  proceeds  In  an  oscillatory  regime,  l.e.,  It  consists  of  successions 

of  rapid  displacements  and  stops,  flashes  and  extinctions.  In  the  latter  case, 
* 

the  layer-to-layer  regime  Is  distorted,  the  combustion  reaction  Is  located  in 
the  hot  spot  which  propagates  at  constant  velocity  along  a  definite  trajectory 
(In  cylinder  samples  along  a  helical  path). 

Oscillatory  combustion  often  results  in  a  layered  structure  of  the  product 
[15,16].  The  products  of  gasless  oscillatory  combustion  consist  of  wafers 
(layers)  of  the  same  composition,  their  number  being  equal  to  the  number  of 
flashes.  One  may  observe  a  more  complicated  pattern  in  the  permeation 
(filtration)  oscillatory  combustion.  The  layers  are  of  different  composition 
and  twice  as  many  as  the  number  of  flashes.  The  product  consists  of 
alternating  layers  of  silicon  nitride  and  elemental  silicon.  The  former 
results  from  the  combustion  at  the  flash;  the  adjacent  silicon  layer  does  not 
react  with  nitrogen  because  of  sintering  which  occurs  during  extinction. 
Figure  2  represents  one  of  the  first  clnegrams  of  spin  combustion  [14].  It  Is 
clearly  seen  that  the  combustion  hot  spot  appears  from  the  far  (invisible)  side 
of  the  cylinder  compact,  moves  in  a  transverse  path  to  the  main  direction  of 
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the  front  propagation,  and  then  disappears  again. 

Oscillatory  and  spin  combustions  were  considered  for  some  time  as  quite 
different  phenomena.  Then  it  became  clear  [18]  that  they  are  different 
manifestations  of  unstable  combustion,  i.e.  when  the  steady-state  layer-to- 
layer  regime  was  unable  to  maintain  the  process  propagation.  Oscillations 
result  from  the  process  sensitivity  to  the  longitudinal  minor  perturbations, 
while  spin  result  from  sensitivity  to  transverse  perturbations.  In  both  cases 
burning  out  of  the  heated  layer,  formed  ahead  of  the  combustion  front  due  to 
the  heat  transfer,  takes  place.  However,  in  the  former  case  the  layer  burns 
out  in  the  longitudinal  direction  and  then  is  formed  again.  In  the  spin  case, 
it  burns  out  in  the  transverse  direction.  In  the  course  of  long-duration 
transverse  combustion  a  new  heated  layer  is  formed,  thus  providing  the 
conditions  for  the  continuous  displacement  of  the  hot  spot.  The  unstable, 
though  ordered  combustion  was  subjected  to  a  thorough  experimental  and 
theoretical  study  [19-24].  This  phenomenon  has  attracted  the  attention  of 
specialists  in  mathematical  physics  (Volpert  et  al.  [25,26],  Matkowsky, 
Sivashlnsky  et  al.  [27-29]). 

2.2  Ih£_CfflntoL?UoiL  Wave  Structure 

The  combustion  front  is  the  "fire"  part  of  the  wave  and  is  followed  by 
extended  zones  of  chemical  reactions  and  various  physico-chemical  conversions. 
These  processes  In  their  general  case  presuppose  the  applicability  of  the  laws 
of  the  front  propagation.  Therefore,  the  study  of  the  zone  wave  structure  is 
an  important  problem  for  the  SHS  investigations. 

The  temperature  profiles  of  the  combustion  wave  carry  valuable 
Information.  A  great  number  of  works  is  devoted  to  their  measurements.  The 
greatest  contribution  to  the  problem  solution  was  made  by  Zenin  [30-32]  and 
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Maltsev  [33-35],  They  used  microthermocouple  and  optico-spectral  methods  for 
the  determination  of  temperature  profiles.  The  Investigations  showed  that  SHS 
temperature  profiles  are  of  a  complicated  character  and  consist  of  elementary 
patterns  of  four  types.  They  are  presented  schematically  in  Figure  3  and 
discussed  below. 

TYPE  I  is  a  classical  case.  The  combustion  wave  consists  of  a  heated 
layer  and  a  reaction  zone  (shadowed  In  Figure  4),  which  Is  narrower  than  the 
former.  The  concept  of  a  narrow  reaction  zone,  developed  by  Zeldovitch  and 
Frank-Kamenetsky  [36],  was  the  base  for  the  classical  combustion  theory  and 
allowed  a  creation  of  the  fine  analytical  technique.  Profiles  of  a  wide 
reaction  zone  belong  to  TYPE  II.  There  are  two  subzones  termed  "propagation" 
and  "post-combustion"  In  this  case.  Only  the  propagation  sub-zone  promotes  the 
combustion  front  displacement.  Wide  reaction  zones  are  typical  of  such 
essentially  heterogeneous  heavily  activated  processes  as  SHS.  It  is 
Interesting  that  their  existence  was  first  predicted  theoretically  and  then 
studied  by  Khalkln,  Aldushln,  and  the  author  [37-40].  TYPE  III  is 
characterized  by  a  clearly  seen  point  of  Inflection  in  the  temperature  profile 
curve  which  may  have  a  zero  derivative.  The  presence  of  two  zones  of  chemical 
reactions  is  essential  for  Its  existence,  the  front  propagation  being  affected 
only  by  the  first  zone.  Such  profiles  are  realized  with  complicated  reactions 
occurring  in  the  combustion  wave.  Khaikin  et  al.  [41-42]  contributed  much  to 
the  development  of  the  theory  of  such  structures.  Finally,  profiles  of  TYPE  IV 
are  characterized  by  the  presence  of  an  isothermal  region.  The  isothermal 
region  (plateau)  screens  the  thermal  action  of  the  profile  high  temperature 
regions  from  the  combustion  front.  Such  an  action  is  determined  by  the  zone 
adjacent  to  the  plateau  from  the  lower  temperature  zones.  The  temperature 
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plateau  results  from  the  simultaneous  action  of  the  chemical  reaction  and  phase 
transition  (e.g.,  reactant  melting).  The  theoretical  analysis  of  such  cases 
has  been  undertaken  in  previous  studies  [43*44].  The  combustion  thermogram  of 
the  Ti-Si  systems  [45]  is  depicted  in  Figure  4.  The  variety  of  effects 
belonging  to  the  elementary  types  described  above  are  seen  in  the  temperature 
profiles. 

Types  I I - IV  differ  considerably  from  Type  I.  The  wave  velocity  in  Type  I 
is  determined  by  complete  conversion  of  the  substance,  and  the  highest 
combustion  temperature  is  evaluated  from  thermodynamic  calculations  assuming 
negligible  heat  losses.  The  combustion  waves  of  such  a  classical  mode  were 
referred  to  as  waves  of  the  first  kind.  Sometimes  they  are  called  Zeldovitch 
waves.  In  the  other  types  (I I- IV)  the  front  velocity  is  determined  by  the 
partial  conversion  of  the  substance  at  some  intermediate  temperature  lower  than 
the  adiabatic  value.  These  intermediate  values  cannot  be  evaluated  by 
thermodynamic  calculations  and  should  be  taken  from  additional  macrokinetic 
conditions.  Such  non-classical  waves  are  called  combustion  waves  of  the  second 
kind.  Their  existence  and  theoretical  considerations  were  the  objectives  of 
the  author's  study  for  a  number  of  years  [7,16,43,46,48].  It  should  be  noted 
that  waves  of  the  second  kind  are  associated  with  heat  losses  such  that  the 
degree  of  incomplete  conversion  of  the  initial  reactants  may  be  considerable. 
This  Important  fact  should  always  be  taken  into  account  when  setting  up  SHS 
processes.  As  for  the  classical  combustion  theory,  the  complete  conversion  of 
reactants  (until  extinction)  may  always  have  a  place  due  to  the  narrow  reaction 
zones . 

An  Important  achievement  In  the  combustion  theory  of  SHS  systems  is  the 
generalized  expression  describing  the  dependence  of  the  wave  velocity  on  the 
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parameters  of  the  main  stage  of  combustion,  i.e. 

u  -  A(T*,  „*)  exp  (-E/RT*)  (1) 

where 

u  Is  the  velocity  of  the  combustion  front; 

T*  Is  the  temperature  of  the  main  combustion  stage; 
n*  Is  the  degree  of  the  substance  conversion  at  T* 

E  Is  the  activation  energy  of  the  process 

The  function  A  is  weaker  than  the  exponential  one  and  can  have  different 
profiles  in  various  cases.  Its  interpretation,  as  well  cs  T*  and  »>* 
determination  allow  the  description  of  the  combustion  laws  observed  in  practice 
using  this  expression.  The  relationships  defining  the  parameters  T*  and  17*  for 
the  four  types  discussed  above  are: 

Type  I:  T*  -  TQ  +  Q/C;  *j*  -  1  (2) 

where 


Tq  is  the  initial  temperature  of  the  burning  sample 
Q  is  the  reaction  enthalpy 

C  is  the  average  value  of  the  specific  heat  capacity  of  the 
combustion  product. 


Type  II:  f^l  ♦  Jf_  .  Oi  -  C<T«-Te>l 
.  dr?  ,  »?*  CRT*2  Q 


where  <f>  -  *(>?)  is  the  function  describing  the  relation  between  the 

reaction  rate  and  the  conversion  degree; 

The  values  of  T*  and  »?*  are  obtained  by  solving  the  two  above  equations 

after  a  substitution  of  a  particular  function  (for  example,  <f>  « 

Type  III:  T*  -  TQ  +  Qj/Cj?  n*  -  1  (4) 

(for  the  case  of  zero  derivative  in  the  point  of  inflection) 
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The  values  of  Qj  and  Cj  refer  to  the  first  stage  of  the  chemical  reaction. 

Type  IV:  T*  -  Tp;  ij*  Z  (Tp  -  TQ)  (5) 

Q 

where  Tp  is  the  temperature  of  the  phase  transition. 

As  can  be  seen  from  the  above  considerations,  thermodynamic  methods  do  not 
always  give  complete  information  about  the  process  temperature  for  the  SHS 
systems.  Nevertheless,  they  are  widely  used  in  the  general  SHS  theory. 
Combustion  temperatures  are  currently  calculated  for  almost  all  systems  with 
known  thermodynamic  functions  [48,49].  In  simple  cases  with  definite 

composition  of  the  combustion  products  the  calculations  are  plain  and  can 
easily  be  performed  [10,50].  For  more  complicated  systems  the  combustion 
temperatures  are  calculated  using  computers  on  the  universal  program.  The 
comparison  of  calculations  and  experimental  data  obtained  under  adiabatic 
conditions  are  listed  in  Table  1  [51],  the  agreement  between  the  results  is 
seen  to  be  so  high  that  the  usefulness  of  thermodynamic  calculations  becomes 
obvious. 

As  for  the  wave  structure,  it  cannot  be  described  by  temperature  profiles 
only.  Concentration  distribution  of  all  the  substances  involved  in  the  process 
is  also  of  Importance.  However,  there  are  some  methodological  difficulties 
which  cannot  be  avoided  In  the  experiments  though  some  attempts  have  been 
already  made  [52-54].  The  calculations  of  concentrational  fields  for  certain 
systems  have  been  performed  by  Nekrasov  [55,56]. 

2.3.  The  Combustion  Mechanism 

The  diagnostics  of  the  combustion  mechanism  is  of  great  importance  in  the 
study  of  each  particular  system.  In  other  words,  it  is  the  determination  of 
the  combination  of  the  processes  (chemical  reactions,  physico-chemical 
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conversions,  transfer  processes  and  their  interrelations)  occurring  during 
combustion  which  help  to  reveal  the  principal  leading  processes  and  understand 
how  the  substance  undergoes  conversions  under  the  complicated  conditions  of  the 
combustion  waves.  There  is  no  end  of  work  on  this  problem.  Only  results  for 
some  binary  elemental  systems,  e.g.  A  +  B  (where  A  and  B  are  chemical  elements) 
have  been  obtained.  The  combustion  mechanism  of  compositions  which  contain 
chemical  compounds  as  reactants  has  been  poorly  studied. 

Let  us  consider  first  mixed  systems  (powder  mixtures).  An  ideal  ultimate 
case  for  such  systems  is  the  combination  of  claded  two-component  powders.  They 
consist  of  particles  of  one  substance  covered  by  a  layer  of  the  other, 
providing  a  rather  large  reacting  surface  if  the  particles  are  relatively 
small.  Micrometer- si zed  particles  under  such  conditions  are  quite  sufficient. 
If  the  particles  do  not  melt,  the  solid-phase  reaction  takes  place  under  the 
reactive  diffusion  mode.  Low  values  of  mass  transfer  constants  in  solid-state 
reactions  may  be  compensated  by  the  large  contact  surface.  High  combustion 
temperature  is  an  important  factor  promoting  a  high-rate  combustion.  In  such 
an  ultimate  case  the  regime  of  purely  solid  flame  can  be  realized,  i.e.,  all 
the  substances  (not  only  initial  and  final,  but  intermediate  as  well)  are  in 
the  solid  state. 

Real  mixtures  consisting  of  particles  of  two  kinds  are  much  more 
complicated.  Their  main  salient  feature  Is  a  small  surface  of  contact  between 
the  particles,  failing  to  provide  a  purely  solid-phase  combustion  regime  in  the 
majority  of  cases.  Some  additional  agents  are  needed  to  raise  the  rate  of  the 
combustion  wave  propagation.  Gas-transport  agents  (gaseous  carriers  of  the 
matter)  are  some  examples  of  the  above.  The  traditional  scheme  of  gas- 
transport  action  is  as  follows: 


Tj,  Zone  I  T2,  Zone  II 

As  +  Ds  - >  (AD)g  - >  A$  +  Dg  (6) 

It  presupposes  the  presence  of  two  zones  at  Tj  and  T2,  respectively.  The 
temperature  difference  aT  -  Tj-T2  is  a  driving  force  for  the  solid  substance  A$ 
to  transfer  from  Zone  I  to  Zone  II.  For  exothermic  and  endothermic  reactions 
of  A$  with  the  gaseous  carrier  Dg  the  relation  between  the  two  temperatures  is 
Tj  >  T2  and  Tj  <  T2,  respectively.  Since  temperature  gradients  in  the 
combustion  wave  are  extremely  high,  the  transfer  of  some  reactant  from  the 

preheating  zone  to  the  reaction  zone  and  vice  versa  can  take  place. 

The  transferred  reactant  can  condense  on  the  surface  of  the  other  reactant 
and  react  with  it  according  to  the  following  scheme: 

T, 

As  +  Dg  - — >  (AD)g  (zone  I)(7) 

T2 

(AD)g  +  B$  - *->  C$  +  0g  (zone  II)(8) 

where  C$  is  a  solid  product  of  A$  and  B$  interaction  and  Tj  T2.  Thus,  gas- 

transport  in  the  SHS  wave  can  be  considered  as  one  of  the  stages  in  the 
mechanism  of  solid  phase  reactions: 

As  +  Bs  -  C$  (9) 

Isothermal  nontraditional  transfer  in  the  gas  phase  (Tj  -  T2)  is  of  certain 
Interest.  The  transfer  is  realized  in  the  combustion  wave  in  a  microscopic 
scale,  between  the  reactant  particles  with  micrometer  sizes.  The  difference 
between  the  partial  pressures  of  gaseous  carrier  over  the  surface  of 
heterogeneous  particles  rather  than  the  temperature  difference  is  a  driving 
force  in  this  case.  Thus,  gaseous  carriers  somewhat  increase  the  efficient 
contact  surface  between  the  reactant  particles.  The  conceptions  about  the  role 
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of  regenerated  gas  molecules  in  solid  phase  reactions  are  developed  in  the 
theory  of  furnace  syntheses  [57]  and  can  be  applied  to  the  SHS  processes.  The 
chemical  nature  of  the  gaseous  carriers  may  be  different  for  various  reactants: 
carbon  can  be  transferred  by  hydrogen,  metals  by  halogens. 

The  role  of  contact  melting  which  also  raises  the  rate  of  the  process  of 
solid  phase  reaction  through  the  formation  of  readily  melting  eutectics 
formation  is  elucidated  in  a  recent  publication  [58].  The  strong  rate-raising 
effects  due  to  melting  of  one  of  the  reactants  were  discovered  by  Shkiro  and 
Borovinskaya  [59]  in  the  study  of  the  combustion  of  a  mixture  of  titanium  and 
carbon  black.  They  showed  that  a  readily  melting  compound  (titanium  in  this 
case)  could  melt  in  the  preheating  zone  and,  due  to  the  carbon  wettability  and 
under  the  action  of  capillary  forces,  spread  over  the  surface  of  carbon  black 
particles.  An  illustration  to  this  process  is  shown  in  Figure  5.  This  figure 
shows  that  in  the  combustion  products  there  are  cavities  (pores)  instead  of  the 
titanium  particles,  which  melted  and  spread  during  the  combustion  process.  The 
phenomenon  of  capillary  spreading  leads  to  a  drastic  change  in  the 
heterogeneity  scale  of  the  reacting  mixture  (from  large  titanium  particles  to 
very  small  particles  of  carbon  black).  As  the  result  of  this  change,  the  rate 
of  the  combustion  process  is  considerably  raised. 

The  effect  of  capillary  spreading  explained  the  mystery  of  high  velocities 
of  gasless  combustion  as  it  seemed  a  first  sight.  Thus,  under  certain 
conditions,  the  combustion  velocity  reaches  up  to  20  cm/s  in  the  titanium-boron 
powder  mixtures  (-100  ftm  and  -0.1  /im  in  size,  respectively),  which  cannot  be 
explained  In  the  terms  of  diffusional  saturation  of  the  titanium  particles. 
The  attempts  to  affect  the  velocity  of  capillary  spreading  by  ultrasound  look 
rather  Interesting.  The  combustion  in  the  Ti  +  2B  system  was  studied  in  the 


17 


ultrasonic  field  [60,61].  Figure  6  presents  the  dependence  of  the  combustion 
velocity  on  the  specimen  density  in  the  presence  and  absence  of  ultrasound. 
The  combustion  Intensity  In  the  ultrasonic  field  Is  seen  to  sharply  Increase  at 
certain  density  values,  when  capillary  spreading  Is  likely  to  be  hindered.  The 
interaction  between  the  carbon  black  particles  and  the  titanium  melt  (or  non- 
metal  particles  and  metal  melt  In  general)  Is  a  particular  case  for 
Investigations.  One  of  the  recent  results  is  the  observation  that  the  rate  of 
heat  evolution  Is  temperature- Inactivated,  i.e.,  independent  of  temperature,  in 
a  certain  temperature  range  [62]. 

The  Influence  of  physical  and  chemical  conversions  is  important  for  the 
hybrid  systems,  but  their  manifestation  can  be  of  a  different  character.  Thus, 
the  reactant  melting  may  lead  to  coalescence  of  the  particles  or  to  the 
complete  loss  of  dlspersity  [11,53,64],  which  hinders  the  possibility  of  the 
reactants  Interaction.  The  experimental  observations  on  the  quenched  silicon 
specimens  after  being  combusted  In  nitrogen  showed  that  in  the  heated  layer  the 
size-distribution  of  particles  differed  from  that  in  the  initial  state.  The 
distribution  maximum  is  shifted  towards  larger  particles  (Figure  7)  [17].  The 
authors  attributed  this  effect  to  the  melting  and  coalescence  of  the  silicon 
particles.  It  is  of  Interest  that  the  process  can  be  readily  affected  by  the 
introduction  of  inert  non-melting  additions  into  the  silicon  green  mixture 
[17].  Their  presence  prevents  coalescence.  Figure  8  depicts  the  dependence  of 
the  silicon  particles  average  size  in  the  preheated  layer  and  the  combustion 
velocity  on  the  degree  of  dilution  of  the  green  mixture  by  the  combustion 
product,  silicon  nitride.  The  increase  in  the  degree  of  dilution  is  seen  to 
decrease  the  particle  size  to  the  Initial  one,  whereas  the  combustion  velocity 
increases  despite  the  dilution  of  the  active  green  mixture  by  inactive  filler. 
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Polymorphous  transformations  in  hybrid  systems,  unlike  those  in  mixed 

systems,  can  noticeably  promote  the  combustion.  At  the  phase  transformation 
there  appear  some  additional  channels  in  the  destroyed  lattice  which  are  filled 
with  the  gas  molecules  moving  to  the  surface  of  the  solid,  thus  increasing  the 
reacting  surface.  The  study  of  the  combustion  of  the  ferroalloy  Fe-V  in 

nitrogen  gave  interesting  data  on  the  process  [65].  The  combustion  velocity 

was  shown  to  decrease  with  an  increase  of  the  iron  content  of  the  alloy  (see 
Figure  9).  It  is  evident  that  iron,  being  an  inert  filler  in  this  case,  is  not 
nitrided  in  the  combustion  wave.  However,  the  situation  becomes  quite 

different  for  the  systems  when  the  initial  composition  of  the  alloy  gets  into 
the  region  of  the  a-phase  which  is  unstable  at  high  temperatures.  On  crossing 
the  boundary  of  this  region  the  combustion  velocity  increases  because  of  the 
disordering  of  the  initial  phase  in  the  combustion  wave. 

Under  normal  conditions  one  of  the  components  of  the  combustion  product  in 
the  hybrid  system  is  gaseous.  Therefore,  the  processes  of  the  dissociation  of 
products  at  high  combustion  temperatures  may  be  of  great  importance.  This 
problem  Is  described  In  detail  for  the  metal  combustion  in  hydrogen  [66-68]. 
What  is  interesting  are  physico-chemical  effects  in  the  hybrid  system 
combustion,  the  most  important  for  the  process  is  the  access  of  the  gaseous 
reactant  to  the  combustion  zone.  With  gas  starvation  shortage  (in  the 
combustion  zone,  rather  than  in  the  reactor  volume)  the  process  will  either 
stop  or  if  it  continues  will  lead  to  Incomplete  conversion  or  clearly  seen 
heterogeneity.  The  gaseous  reactant  contained  in  the  Initial  pores  of  the 
powder  charge  or  pressed  specimen  is  not  enough  for  the  combustion,  unless,  of 
course,  it  Is  the  case  of  very  high  pressures  of  the  order  of  kilobars.  The 
gas  gets  inside  the  specimen  by  permeation  from  the  environment.  That  is  where 


another  name  for  hydbrid  systems  conduction  comes  from  -  permeation 
(filtration)  combustion. 

The  combustion  of  a  permeation  character  is  associated  with  numerous 
effects.  The  transition  from  surface  to  layer-to-layer  combustion,  prolonged 
bulk  post-combustion,  repeated  combustion,  reflection  and  splitting  of 
combustion  waves  and  others  are  among  them.  They  have  all  are  been  studied  in 
detail  In  experimental  and  theoretical  works  [11,  69-73].  Let  us  consider  one 
of  the  most  important  cases  of  permeation  combustion,  namely  concurrent  forced 
permeation  studied  by  Aldushin  and  Seplyarsky  in  their  theoretical  works  [72- 
73].  This  is  the  case  when  the  gas  and  the  combustion  front  propagate  in  one 
direction,  i.e.  the  gas  passes  through  the  combustion  products  before  entering 
the  reaction  zone,  its  temperature  is  increased  while  that  of  the  product  is 
decreased.  In  such  a  process  the  temperature  profile  of  the  combustion  wave  is 
determined  not  only  by  the  heat  conductivity  through  the  porous  base  but  also 
by  convective  heat  exchange  between  the  gas  and  the  particles  of  the  solid 
reactant.  The  authors  cited  above  found  that  both  ordinary  combustion  waves 
(with  hot  reaction  products)  and  so-called  Inverse  waves  (with  an  anomalously 
wide  preheated  layer  and  cool  reaction  products)  to  be  parameter-dependent 
(Figure  10).  In  the  former  case  the  maximum  combustion  temperature  is  higher 
than  the  adiabatic  value  and  therefore  such  combustion  is  called 
superadlabatic.  The  combustion  of  low-temperature  (weakly  exothermic) 
compositions  can  be  performed  under  such  regimes.  In  the  latter  case  the 
combustion  temperature  is  lower  than  the  adiabatic  value  and  this  can  be  used 
to  moderate  the  combustion  regime  when  the  reaction  heat  is  extremely  high.  A 
wide  heated  zone  in  the  Inverse  wave  can  be  rather  useful  for  the  heat 
treatment  of  the  initial  substance  and  also  for  rapid  cooling  of  the  product 
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resulting  In  quenching  of  the  high -temperature  zones  formed.  This  example 
provides  convincing  evidence  for  the  importance  of  understanding  of  the 
mechanism  of  the  SHS  processes.  Therefore,  the  combustion  theory  always  played 
an  Important  role  in  the  SHS  research  and  development. 

As  a  result  of  laborious  study  there  have  been  developed  theory-based 
techniques  for  the  control  of  combustion  rate,  temperature,  and  degree  of 

conversion  in  SHS  systems. 

The  experience  we  obtained  in  the  investigations  of  the  combustion 
processes  permits  us  to  identify  new  systems  efficiently  and  to  find  the 
shortest  routes  to  get  the  necessary  information.  But  SHS  methods,  it  should 
be  emphasized  here,  have  been  not  Indebted  to  the  combustion  theory,  since  SHS 
gave  birth  to  such  directions  as  gasless  combustion,  permeation  combustion, 

unsteady  wave  propagation,  and  others  in  the  combustion  theory. 

3.  $.trqcttir?l-Macr9K.1.petl£i 

At  the  Initial  stage  of  Investigations  the  combustion  theory  was  thought 
to  be  the  theory  of  self -propagating  high-temperature  synthesis,  since  SHS 
process  Is  one  of  the  varieties  of  combustion  and  the  final  product  formation 
Is  not  only  the  consequence  but  also  the  cause  of  combustion.  The  reactive 
diffusion  processes  mainly  considered  in  the  first  SHS  theories  [40,74,75] 

seemed  to  prove  this  idea.  In  other  words,  the  final  product  formation  was 
thought  to  proceed  In  the  heat  evolving  zone  related  to  the  combustion 
velocity. 

Another  point  of  view  was  first  reported  by  Borovinskaya  at  the  (Soviet) 
Fourth  All-Union  Symposium  on  Combustion  and  Explosion  in  1975  [76].  She 

supposed  that  the  combustion  reactions  might  result  in  solutions  (solid  or 
liquid,  binary  or  multicomponent,  saturated  or  oversaturated),  rather  than 
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final  products  (refractory  compounds),  which  are  formed  far  from  the  combustion 
front  as  the  result  of  further  transformations  of  the  solutions  (for  example, 
during  the  decomposition  of  oversaturated  solutions).  Borovinskaya  came  to 
this  idea  accidentally  in  one  of  the  routine  experiments  on  boron  combustion  in 
nitrogen  at  pressures  up  to  5  kbar  and  analyzing  boron  nitride  samples 
synthesized  in  the  experiments.  In  one  of  the  series  Immediately  after 
combustion  there  took  place  a  spontaneous  pressure  drop  in  the  reactor, 
resulting  in  drastic  cooling  of  the  product.  Its  analysis  did  not  show  any 
presence  of  the  boron  nitride  phase  despite  the  fairly  high  nitrogen  content  in 
the  product.  It  was  in  the  amorphous  state  and  that  suggested  an  idea  of 
possible  formation  of  oversaturated  solid  solutions  of  nitrogen  in  boron  as  an 
intermediate  combustion  product  (such  a  mechanism  was  discussed  in  detail  for 
the  titanium-zirconium  combustion  In  nitrogen  [63,64].  Later,  both  afore¬ 
mentioned  concepts  of  the  final  product  formation  in  the  SHS  processes  were 
analyzed  and  an  interpretation  of  the  two  ultimate  mechanisms  -  equilibrium  and 
nonequilibrium  was  developed  [18].  There  is  a  simplified  scheme  of  the 
adiabatic  structure  for  both  cases  In  Figure  11. 

In  the  first  case  (Khaikin-Merzhanov-Aldushin,  equilibrium  mechanism) 
chemical  and  structural  transformations  proceed  simultaneously  in  the  common 
zone  of  heat  evolution.  Both  chemical  and  phase  compositions  are  formed 
immediately  behind  the  combustion  front.  All  phases  existing  in  the  phase 
diagram  of  the  studied  system  are  realized  in  the  process  and  can  be  identified 
as  intermediate  combustion  products.  In  other  words,  there  is  a  state  of  local 
equilibrium  of  the  substance  in  the  combustion  wave  which  corresponds  to  the 
Isothermal  cross-sections  in  the  phase  diagram.  Such  a  process  is  mainly 
typical  for  solid-phase  reactions  (in  solid  flame)  at  extremely  low  combustion 
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velocities. 

In  the  second  case  (Borovinskaya,  non-equilibrium  mechanism)  the 
structural  transformations  take  place  far  behind  the  combustion  front,  when  the 
chemical  reactions  have  been  completed.  The  substances  formed  are  In 
metastable  state  In  the  zone  of  heat  evolution  and  are  able  to  decompose  to 
form  the  product  final  structure.  The  phase  diagram  does  not  directly  reflect 
this  process,  the  equilibrium  phases  existing  in  the  studied  system  may  not  be 
formed  (except  those  corresponding  to  the  final  composition).  Such  a  non¬ 
equilibrium  mechanism  Is  characterized  by  the  rapid  SHS  processes.  The 
validity  of  these  Interpretations  is  confirmed  by  numerous  experimental  results 
[53,54,62,63,77].  From  the  above-stated  it  becomes  clear  that  the  combustion 
theory  is  not  able  to  describe  the  formation  of  the  final  state  of  the  SHS 
products  (their  phase  composition,  structure),  therefore,  the  SHS  theory  should 
combine  the  considerations  of  combustion  mechanism  and  processes  of  structure 
formation.  Thus,  there  appeared  a  new  scientific  trend,  "structural 
macrokinetics."* 

3.1  Ideology  of structural  Macrokinetics 

Structural  macrokinetics  (SMK)  studies  the  evolution  of  the  medium 
structure  In  the  course  of  chemical  conversions  taking  into  account  heat  and 
mass  transfer  processes.  The  notion  of  "medium  structure"  Involves  the  wide 

*Th1s  term  was  introduced  by  the  author  in  his  key  talk  "Macroscopic 
Kinetics  and  Their  Role  in  Modern  Chemistry  Development"  at  the  (Soviet)  First 
All-Union  Synmposium  on  Microscopic  Kinetics  and  Chemical  Gas  Dynamics  (Alma- 
Ata,  1984). 
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range  of  characteristics,  among  them  are  the  following: 

macrostructure  (composition  distribution,  macroscopic  defects); 
microstructure  (phase  Interlocution,  medium  graininess,  impurity 
localization,  porosity); 

crystal  structure  (symmetry  and  parameters  of  the  crystal  lattice, 
Its  distortion,  ordering  with  superstructure  formation,  number  and 
distribution  of  dislocations). 

Below  are  given  two  formulas  which  determine  the  SMK  place  In  macroscopic 
kinetics: 

classical  chemical  theory  of  mass  and 

macrokinetics  «  kinetics  +  heat  transfer 

structural  classical  kinetics  of 

macrokinetics  ■  macrokinetics  +  structural  conversions 

The  principal  concept  of  the  SMK  In  its  general  form  is  presented  in 
Figure  12.  It  is  based  on  the  Borovinskaya  non-equilibrium  mechanism  where  in 
chemical  conversions  the  decomposition  of  the  old  structure  and  the  formation 
of  a  new  one  can  occur  sequentially  and  are  accompanied  by  the  formation  of  a 
disordered  state  of  the  substance  (amorphous,  liquid,  and  gaseous  In  some 
cases).  The  situations  of  decomposed  old  structures  and  new  ones  not  yet 
formed  are  more  probable  for  high  temperature  rapid  processes  due  to  the  high 
values  of  chemical  activation  energy. 

It  is  obvious  that  the  SMK  ideology  is  of  interest  not  only  for  SHS 
investigations  but  also  for  all  chemical  processes  with  structural  conversions. 
There  are  basic  differences  In  SMK  for  various  processes.  Thus,  during  thermal 
decomposition  and  combustion  of  gasified  condensed  systems  of  an  explosive  or 
propellant  type  the  disintegration  of  the  old  structure  is  not  followed  by  the 
formation  of  a  new  one.  In  gas-phase  chemico-condensational  processes  there  is 


no  Initial  structure  and  structural  effects  become  evident  only  In  the  reaction 
products.  A  diversity  of  structural  conversions  is  characteristic  of  solid 
phase  processes  yielding  solid  products  (such  as  in  the  SHS  process),  since  the 
chemical  reaction  from  Its  beginning  to  completion  is  accompanied  by  structural 
conversions  which  continue  even  after  the  reaction  Is  completed. 

The  sequence  of  conversions  shown  In  Figure  12  has  its  characteristic 
times  tc,  tph,  and  trec.  For  non -Isothermic  processes  with  heat  losses  (such 
as  the  SHS  process)  there  also  exists  a  characteristic  time  of  thermal 
relaxation,  tr.  Both  macroklnetic  characteristics  of  the  process  and 
structural  distinctive  properties  of  the  product  formed  are  dependent  on  the 
characteristic  times  ratio  (complicated  and  various  processes  being  seen  behind 
their  values).  Relations  (conditions)  between  these  characteristic  times  are 
given  below  as  applied  to  SHS  processes: 

Wave-like  Regimes 

Wave  propagation:  tc  «  tr 

Splitting  of  the  combustion  and  structurization  zones:  t„  «  t  .  ,  t  . 

c  ph  rec 

Confluence  of  the  combustion  and  structurization  zones  t  »  t  .  ,  t 

c  ph  rec 

PrjBdRCt  Structure 

Amorphous  product:  t£  «  t  «  tph 

Crystalline  product  of  a  non-equilibrium  structure:  tc  and  tp  «tr  «trec 
Crystalline  product  of  an  equilibrium  structure:  tc,  tp^,  and  trec  «tr. 

From  the  above,  it  is  seen  that  the  combustion  itself  is  an  initial  step 
in  the  SHS  process  and  consequently,  the  combustion  theory  should  be  taken  as  a 
section  in  SMK.  At  the  same  time  It  would  be  erroneous  to  consider  combustion 
and  structurization  independent  of  each  other.  The  combustion  regimes  are 
known  to  directly  affect  the  product  structure.  For  slow  processes  a  reverse 
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relation  takes  place,  i.e.,  the  structurization  may  affect  the  combustion 
velocity  via  Its  kinetic  and  thermo-dlffuslonal  characteristics.  The  cases  of 
complete  separation  of  the  combustion  and  structurization  processes  (the  former 
determining  only  the  Initial  conditions)  i.e.  for  processes  of  structurization 
without  reverse  Influence,  are  called  ultimate.  Unfortunately  (however, 
fortunately  for  the  beginners  in  this  fascinating  field  of  science),  SMK  is  not 
so  far  supported  by  developed  scientific  techniques  since  It  is  a  newly-born 
discipline.  These  techniques  have  yet  to  be  developed.  By  now,  just  the  SMK 
Ideology  has  been  accepted  and  the  process  of  accumulation  experimental 
observations  Is  in  progress.  These  observations  will  form  a  base  for  the 
creation  of  a  certain  system  of  concepts. 

3.2  Structural  Statics  and  Structural  Dynamics 

A  large  pool  of  information  on  the  relationship  between  the  structural 
characteristics  of  the  final  product  and  the  green  mixture  parameters  and 
combustion  conditions  has  been  accumulated.  Vast  empirical  observations  have 
been  summarized  having  no  claim  on  the  interpretation  of  the  mechanism  and 
dynamics  of  structural  formation.  Structural  characteristics  of  the  products 
were  obtained  by  different  methods  (metallography,  local  chemical  analysis,  x- 
ray  analysis,  electron  microscopy,  neutronography,  etc.).  Such  an  approach  was 
called  "Structural  Statics". 

The  results  of  investigations  of  structural  characteristics  of  the 
combustion  products  obtained  in  various  conditions  have  been  described  in  the 
literature.  The  most  studied  aspects  are  morphology  and  porosity  of  the 
samples  [2,11,16,59],  chemical  and  phase  macro-inhomogeneity  [76,78],  and 
microstructure  [79-81].  Interesting  structural  effects  have  been  observed. 
The  study  of  combustion  of  porous  metal  samples  in  nitrogen  showed  the 
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possibility  of  product  formation  of  two  types,  purely  Inhomogeneous  and 
completely  homogeneous  [63,78].  Figure  13  exemplifies  the  longitudinal  cross- 
sections  of  tantalum  compacts  after  the  surface  combustion  in  nitrogen.  There 
are  two  regions  in  the  first  sample,  which  was  quenched:  the  central  region 
which  is  almost  without  nitrogen,  and  the  surface  region  which  consists  of  a 
mixture  of  7-Ta2N  and  £-TaN.  The  other  sample  cooled  without  quenching 
consists  of  f-TaN  (at  the  surface),  c-TaN,  7-Ta2N  layers,  and  nitrogen  solid 
solution  In  tantalum  (In  the  center).  The  increase  in  time  for  the  reaction 
completion  or  transition  to  the  layer-to-layer  combustion  is  the  way  to  obtain 
homogeneous  samples  containing  one  of  the  possible  products.  The  effect  of 
macro-lnhomogeneity  of  products  produced  by  the  layer-to-layer  and  surface 
regimes  was  explained  In  the  theory  of  permeation  combustion. 

The  Investigations  devoted  to  the  study  of  the  laws  of  gasless  combustion 
[20,82,83]  showed  that  with  an  Intentional  decrease  in  the  combustion 
temperature  (In  different  ways)  the  homogeneous,  dense  product  spontaneously 
begins  to  separate  Into  layers  and  thus  becomes  a  combination  of  flat  flakes. 
One  of  them  (continuous)  formed  at  a  combustion  temperature  of  -3000K  while  the 
other  (layered)  formed  at  -2000K.  It  is  of  interest  that  layered  samples 
readily  break  up  into  flakes.  Shkiro,  Galtchenko,  and  coworkers  studied  the 
flake  structure  and  found  them  to  be  inhomogeneous  across  their  thickness.  The 
product  segregation  is  attributed  to  the  appearance  of  the  oscillatory  regime 
of  combustion.  In  the  works  by  Rogatchev,  Pityulin,  Gordopolov,  and  the 
author,  the  dependence  of  the  size  of  the  carbide  phase  grains  on  the  pressure 
applied  to  the  sample  was  studied  in  the  combustion  of  complex  compositions, 
yielding  solid  alloys.  In  Figure  14  there  are  photographs  of  metallographic 
cross-sections  of  the  samples  produced  by  static  and  shock  densification  (other 
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conditions  being  equal).  The  figure  shows  the  grains  of  shock  denslflcatlon  to 
be  much  smaller.  The  changes  In  the  process  conditions  may  affect  the 
formation  of  grain  microstructure  of  the  product.  Bloshenko  and  coworkers 
studied  the  porous  structure  of  combustion  products,  the  relationship  between 
open  and  closed  porosity,  and  the  possibility  of  affecting  the  pore 
characteristics. 

One  of  the  recent  results  In  structural  statics  Is  the  observation  of 
anisotropic  effects  [64],  which  reveal  the  dependence  of  physical  properties  of 
some  polycrystalline  combustion  products  on  the  direction,  and,  in  particular, 
on  the  orientation  towards  the  direction  of  the  combustion  front  propagation. 
The  results  of  the  measurements  of  dielectric  permeability  and 
electroresistivity  of  some  oxides  obtained  under  the  combustion  regime  show 
differences  in  these  properties.  The  measurements  were  taken  on  the  samples 
cut  along  (|)  and  transverse  (j)  to  the  combustion  front.  The  difference, 
particularly  In  the  electroresistivity  values,  is  noteworthy. 

The  samples  of  oxide  and  metal  mixtures  converted  by  combustion  Into 
ferrites  are  weak  permanent  magnets,  primary  (spontaneous)  magnetization  being 
of  200  oersteds.  They  establish  the  magnetic  field  and  attract  Iron  shavings. 
It  Is  of  Interest  that  the  point  of  Ignition  always  becomes  the  magnetic  south 
pole,  i.e.,  the  effect  does  not  depend  on  the  magnetic  field  of  the  earth. 

Anisotropy  of  mechanical  properties  was  observed  in  boron  nitride  samples. 
The  effect  is  related  to  the  crystallites  orientation  along  the  direction  of 
combustion  front  propagation  due  to  the  existence  of  the  axial  temperature 
gradients.  The  origin  and  localization  of  anisotropic  effects  are  under  study 
now. 

The  resources  of  structural  statics  permit  us  to  obtain  some  information 
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pertinent  to  the  mechanism  of  structure  formation,  and  to  the  theoretical  SMK 

models,  since  the  combustion  products  often  contain  traces  of  the  processes 

occurring  In  the  SHS  zones.  However,  this  information  is  Indirect  and, 

therefore,  may  be  not  always  completely  and  conclusively  Interpreted. 

Structural  dynamics  has  more  reliable  techniques  for  the  continuous 

registration  of  physical  parameters  in  the  course  of  the  SHS  process  in  all  its 

zones.  The  most  developed  thermographic  techniques  are  used  for  temperature 

measurements  and,  consequently,  thermal  effects  of  combustion  and  structure 

formation.  The  Interpretation  of  structural  effects  according  to  the 

temperature  -  time  -  composition  curves  has  been  provided  [32].  The  dependence 

of  the  average  product  composition  (determined  gravimetrically)  on  temperature 
* 

during  the  process  of  cooling  is  depicted  in  Figure  15.  The  curve  is 
superimposed  on  the  phase  diagram  of  for  the  Ti-H  system.  Isothermal  regions 
are  seen  to  correspond  to  the  phase  transformations  in  the  zone  of 
structurization. 

Boldyrev,  Aleksandrov,  and  coworkers  suggested  an  interesting  and 
promising  approach  In  their  works  [53,54].  They  used  the  ability  of 
synchrotronous  radiation  to  produce  diffractograms  with  a  small  time  lag 
(operational  time  Is  0. 5-1.0  s),  thus  studying  the  dynamics  of  changes  in  the 
phase  composition  of  the  substance  during  the  SHS  process.  Figure  16  shows  the 
data  on  the  phase  formation  kinetics  in  the  Ni-Al  system.  The  main  achievement 
of  this  work  Is  that  the  formation  of  the  final  product  (nickel  monoaluminide, 
NiAl )  begins  far  from  the  combustion  front  in  accordance  with  the  Borovinskaya 
non-equilibrium  mechanism  [76].  The  investigations  resulted  in  finding  two 
earlier  unknown  Intennedlate  phases  which  are  not  identified  so  far.  This  Is 
more  evidence  for  the  non-equilibrium  character  of  conversions  in  the  SHS 
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processes.  Synchrotronous  radiation  can  become  one  of  the  main  methods  in  the 
Investigations  of  structural  dynamics. 


Currently,  a  combined  approach  to  the  study  of  the  structural  conversions 

in  SHS  processes  has  been  developed.  It  is  based  on  the  rapid  arrest  of  the 

process  allowing  quenching  of  the  Intermediate  substance  in  the  SHS  wave  and 

further  layer- to -layer  analysis.  Rogatchev,  Mukasyan,  and  the  author  [77] 

carried  out  the  quenching  of  burning  reactants  mixture  through  the  use  of  a 

3  4 

copper  wedge.  The  quenching  rate  under  such  conditions  is  low  (-10  -  10 

K/s),  nevertheless  it  allows  a  qualitative  view  of  the  dynamics  of  chemical  and 
structural  conversions  in  SHS.  The  Ti-C  system  has  been  studied  in  detail. 
Three  principal  stages  of  the  process  have  been  highlighted  as  follows: 

titanium  melting,  capillary  soaking  of  carbon  black  layers  and 
simultaneous  carbon  dilution  in  titanium,  accompanied  by  considerable 
heat  evolution; 

the  formation  of  the  product  primary  structure  by  the  nucleation  of 
titanium  caroide  crystallites  at  the  carbon  -  melt  interface  and  in 
the  melt  bulk; 

recrystallization  and  growth  of  titanium-carbon  grains  which  become 
an  order  of  magnitude  larger  with  sizes  reaching  tens  of  micrometers. 
The  first  two  stages  relate  to  the  combustion  and  determine  its  velocity,  the 
latter  relates  to  the  structure  formation  of  the  final  product.  Analogous 
results  were  obtained  in  the  study  of  the  titanium  -  boron  system.  The  SHS 
processes  in  solid-phase  systems  of  the  Ta-C  type  and  hybrid  systems  of  the  Si- 
(gas)  type  are  currently  studied  using  the  quenching  technique. 

Some  information  about  SMK  can  be  obtained  from  the  study  of  self- 
purification  and  outgassing  (evolution  of  volatile  impurities)  in  the  course  of 
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the  SHS  process  (see  Bloshenko  et  al .  [85-89],  Steinberg  et  al .  [90],  and 
Filonenko  et  al.  [91]).  We  may  expect  that  the  development  of  the  fundamental 
aspects  of  the  structural  macrokinetics  will  lead  to  the  creation  of  the  set  of 
science-based  approaches  to  the  formation  of  new  generation  of  complex  SHS 
materials  with  unique  properties. 

4.  Chfim.lga.1— 

Structural  macrokinetics  and  in  particular,  the  combustion  theory,  forms 
the  foundation  for  a  better  understanding  and  description  of  the  SHS  processes. 
The  major  objective  of  the  SHS  processes  is  the  synthesis  of  materials  through 
chemical  reactions  by  combustion.  From  the  time  of  discovery  of  the  SHS  method 
as  a  physico-chemical  phenomenon,  investigations  have  been  carried  out  to 
determine  the  feasibility  of  material  synthesis.  The  first  papers  reported  on 
the  direct  synthesis  of  refractory  compounds  of  various  elements.  Among  the 
simplest  reactions,  the  following  types  were  considered: 


T1  +  2B  - 

- >  TiBz 

(10) 

Ta  +  C  - 

- >  TaC 

(ID 

Ho  +  2S1  — 

- >  MoSi2 

(12) 

B  +  N  - 

- >  BN 

(13) 

These  compounds  (borides,  carbides,  nitrides,  silicides,  and  others)  seem  to 
ideally  fit  the  SHS  reaction  conditions.  They  are  thermally  stable  at  high 
temperatures,  the  values  of  their  chemical  bond  energies  are  high,  which  means 
that  during  their  formation  much  heat  is  released.  Hence  the  application  of 
SHS  to  the  synthesis  of  these  compounds  is  necessary  rather  than  advantageous. 

4.1  Elemental  Systems 


Synthesis  undertaken  in  the  elemental  systems  during  the  earlier  stages  of 
SHS  studies  showed  the  close  dependence  between  the  synthesis  conditions  and 


macrokinetlc  factors.  This  allowed  the  SHS  processes  to  be  divided  Into  three 
main  groups: 

(i)  gasless  synthesis:  When  pure  components  are  used  the  gas  evolution 
is  not  practically  observed  (small  gas  evolution  is  usually  caused  by  self¬ 
purification  from  impurities).  The  product  composition  is  weakly  influenced  by 
changes  in  the  parameters  of  the  external  medium  (vacuum,  inert  gases).  The 
major  factors  controlling  the  synthesis  are  concentration  ratios,  reactant 
particles  size,  green  density,  and  combustion  temperature. 

The  gasless  synthesis  yields  borides,  carbides,  silicides,  and  other 
compounds  consisting  of  elements  stable  at  high  temperatures.  The  SHS  method 
is  used  to  perform  direct  synthesis  of  nonstoichiometric  carbides,  to  obtain 
various  phases  in  the  metal-boron,  metal-metal,  and  metal-silicon  systems. 
Controlling  the  level  of  impurities  composition  (oxygen  inclusions,  in 
particular)  is  a  rather  skillful  operation  in  the  gasless  synthesis.  The 
problem  of  self-purification  from  the  impurities  became  the  subject  of  the 
series  of  investigations  by  Bloshenko  et  al.  [85-89] 

(1i)  gas  consumption  of  permeation  synthesis  is  carried  out  in  the  hybrid 
metal -gas  systems.  Their  main  salient  feature  is  a  strong  dependence  of  the 
product  composition  on  the  composition  and  pressure  of  the  gas  medium.  In 
practice  the  way  the  gas  is  supplied  to  the  combustion  zone  is  of  great 
importance  (spontaneous  permeation  blowing  through).  The  discovery  of  the 
principle  of  changing  the  combustion  conditions  by  dilution  of  a  green  mixture 
or  a  reacting  gas  by  inert  products  [11]  became  an  important  achievement  in  the 
theory  and  practice  of  gas-absorbing  synthesis.  The  decrease  in  temperature 
and  combustion  rate,  which  appeared  to  increase  both  the  amount  of  bound  gas  in 
the  product  and  the  uniformity  of  its  distribution  in  the  compact,  was  found  to 
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be  an  essential  controlling  procedure  In  the  permeation  processes. 

The  most  common  scheme  of  gas-absorbing  synthesis  could  be  applied  to  the 
production  of  nitrides  and  hydrides,  the  former  being  the  first  synthesized  by 
SHS  (see  the  works  by  Borovlnskaya  et  al.  [63,64,69,76].  Much  effort  was  spent 
to  overcome  the  main  problem,  i.e.,  Incomplete  combustion  so  as  to  obtain 
homogeneous  nitrides  with  large  required  contents  of  nitrogen  in  the  products. 
The  synthesis  of  high-quality  products  by  the  methods  of  this  group  requires 
the  combination  of  the  following  criteria: 

homogeneity  tf/tc  <K  * 

stability  k  -  dlnu/dTg-3. 9-4.0  [92] 

post-combustion  tc/tr  <<:  * 

where  t^,  tc,  tr  are  specific  times  of  permeation,  chemical  reactions,  and 
product  thermal  relaxation,  respectively;  k  is  the  temperature  coefficient  of 
the  combustion  rate;  u  is  the  combustion  velocity;  and  Tg  is  the  combustion 
temperature. 

The  SHS  method  appeared  to  be  efficient  in  the  synthesis  of 
nonstoichiometric  nitrides  and,  solid  solutions  in  the  metal -nitrogen  systems. 
The  permeation  factors  which  are  important  in  the  nitride  synthesis  are  of  a 
less  importance  in  the  synthesis  of  hydrides  because  of  the  high  hydrogen 
diffuslvity  which  provides  the  requirement  of  the  first  criterion.  The 
problems  of  product  (hydride)  dissociation  are  of  greater  significance  in  this 
case.  Self-propagating  high-temperature  synthesis  of  hydrides  was  first 
performed  in  1976  [66].  It  was  further  developed  by  the  researchers  of  the 
Armenian  School  of  SHS  (Dolukhanyan  et  al .  [93-96],  Kharatyan  et  al .  [67,68]). 
In  the  beginning  there  was  a  great  deal  of  surprise  because  of  the  SHS 
feasibility  in  producing  such  thermally  unstable  compounds  as  hydrides.  In  all 


the  systems  studied  by  that  time  the  combustion  temperature  was  in  the  range 
2000-3500*C,  whereas  that  of  hydride  dissociation  is  known  to  be  much  lower 
(e.g.,  It  is  only  800*  for  titanium  dihydride  at  atmospheric  pressure).  The 
hydride  phenomenon  seemed  to  contradict  the  main  idea  of  the  SHS  method. 

The  explanation  can  be  found  in  figure  17  [68].  The  figure  it  shows  a 
plot  of  equilibrium  composition  of  titanium  hydride  (the  hydrogenation 
completeness)  vs.  temperature  at  constant  pressure  and  a  plot  of  the  adiabatic 
temperature-composition  line.  Their  intersection  determines  the  state  realized 
during  combustion.  There  are  two  sites,  low- temperature  (for  nonstoichiometric 
titanium  dihydride)  and  high-temperature  (for  hydrogen  solid  solution  in  p- 
titanium)  and  high -temperature  (for  hydrogen  solid  solution  in  /9-titanium). 
From  Figure  17  it  Is  seen  that  at  T>650“C  there  is  no  hydride  phase  and  a  solid 
solution  Instead  of  titanium  dihydride  is  formed  in  the  combustion  wave.  The 
completeness  of  hydrogenation  is  -25%.  The  hydribe  phase  is  formed  during 
cooling  of  the  product  at  the  expense  of  the  shift  of  the  thermodynamic 
equilibrium.  The  cooling  temperature  should  not  be  too  high,  otherwise  the 
quenching  of  the  solid  solution  would  take  place.  A  similar  mechanism  exists 
in  the  synthesis  of  some  other  metal  hydrides. 

(Hi)  gas-evolving  synthesis  forms  the  third  group  discovered  in  the  study 
of  the  elements  interaction  in  SHS  mode.  It  involves  the  systems  with  highly 
volatile  components,  e.g.,  mixtures  of  metal  powders  with  sulfur,  selenium, 
tellurium,  phosphorus,  and  liquified  gases  (liquid  nitrogen)  [51,97-102].  The 
main  difficulty  of  this  synthesis  is  caused  by  the  reactant  leakage  into  the 
atmosphere  which,  requires  that  certain  precautions  to  be  taken  when  performing 
the  process.  The  use  of  gas-tight  vessels  filled  up  with  the  green  mixture  is 
the  simplest  solution  to  this  the  problem.  In  this  case,  the  evaporating 
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reactant  just  fills  cavities,  staying  In  the  reaction  bulk  and  participating  In 
the  process.  The  reactant  losses  In  the  open  systems  can  be  decreased  in 
various  Mays,  e.g.,  by  using  inert  gas  pressure. 


High  quality  sulfides,  selenides,  tellurides,  phosphides  and  other 
compounds  of  the  required  chemical  and  phase  composition  can  be  obtained  by 
changing  the  Initial  mixture  composition  and  combustion  conditions  taking 
account  the  volatile  reactant  evaporation.  Unfortunately,  the  investigations 
of  systems  with  two  readily  volatile  reactants  had  no  further  development.  An 
example  to  such  synthesis  ("condensate  syntheses"  as  they  were  termed  by  the 
author  [9,103])  Is  the  formation  of  magnesium  sulfide  from  the  elements. 

The  results  of  direct  synthesis  from  the  elements  under  the  SHS  regime  are 
well-known  [9,102,104,106].  Therefore,  there  is  no  need  to  dwell  on  the 
characteristics  or  the  particular  products  In  the  present  paper.  Their  common 
property  Is  high  purity  as  compared  with  the  products  of  furnace  synthesis. 
This  Is  explained  by  a  lower  content  of  impurities  (due  to  the  process  of  self- 
puriflcation)  and  the  amount  of  unreacted  elements  (due  to  the  higher 
temperature  with  the  possibility  creating  optimum  conditions  to  provide 
reaction  completeness). 

4.2  Extension  of  Chemical  Foundations  of  the  SHS  Method 

That  was  the  development  of  the  synthesis  direction  in  the  SHS  processes 
which  inevitably  led  to  the  extension  of  chemical  foundations  of  the  process 
and  raw  materials  basis  for  the  synthesis.  Apparently  the  synthesis  from 
elements  cannot  completely  fit  the  requirements  of  industry.  Therefore,  it  was 
quite  natural  that  in  1974-75  an  active  search  for  new  resources  for  the  SHS 
started  which  resulted  in  the  establishment  of  new  synthesis  directions. 
Syntheses  using  metal  and  non-metal  oxides  as  reactants,  metal -reducers 


(magnesium,  aluminum,  etc.),  and  reacting  and  controlling  additives  are  of 
great  Importance  among  various  chemical  classes  of  SHS  systems.  There  are  two 
general  chemical  types  of  combustion  In  such  systems,  I.e.,  the  reduction  to 
the  element  from  oxides  and  the  Interaction  of  the  reduced  elements  to  form 
refractory  compounds.  They  were  called  self-propagating  high -temperature 
synthesis  with  a  reduction  stage.  They  are  essentially  a  combination  of  well- 
known  chemical  reactions. 

The  SHS  processes  with  the  reduction  stage  were  described  In  detail  by 
Borovlnskaya,  Mayan,  Yukhvid,  et  al.  [107-113],  who  found  magnesium  and 
aluminium  thermite  SHS  processes  to  have  essential  differences.  The  chemical 
scheme  of  Mg  thermite  SHS  processes  in  its  general  (simplified)  form  can  be 
written  as  follows: 

XOm  +  MYOn  +  *Y  +  (ra  +  -  XY(;j+|/)  +  (m  +  Mn)MgO(14) 

where  X,  Y  are  chemical  elements  of  refractory  compounds.  Mg  and  0  are 
magnesium  and  oxygen,  respectively,  and  n,  i/,  m,  and  n  are  stoichiometric 
coefficients. 

In  Mg  thermite  synthesis  the  combustion  product  is  at  least  a  two-phase 
compound  which  consists  of  the  final  product  and  MgO  by  product.  They  are 
uniformly  distributed  In  the  combustion  product  in  the  common  case.  Therefore, 
the  phase  separation  of  the  combustion  product  is  an  additional  task  for  the 
Industrial  synthesis.  However,  the  necessity  of  phase  separation  is 
compensated  by  the  high  quality  of  the  products  synthesized  and  low  costs  and 
availability  of  raw  materials.  The  metallothermic  SHS  processes  are  mostly 
applied  to  the  synthesis  of  boron  carbides  and  nitrides,  borides,  some 
carbides,  nitrides  and  silicides  of  transition  metals.  Aluminium  thermite  SHS 
processes  can  be  described  by  the  chemical  scheme  analogous  to  the  above  (Eq. 


14)  with  the  only  difference  of  A1  and  AlgOj  taken  instead  of  Mg  and  MgO, 
respectively,  and  different  coefficient  ratio.  The  distinctive  feature  of  many 
A1  thermite  processes  under  study  Is  their  temperature  which  is  higher  than  the 
melting  point  of  all  the  products  formad.  Multicomponent  high  temperature  melt 
is  the  combustion  product  in  these  systems.  The  phase  separation  (light  A1 
oxide  comes  to  the  surface  whereas  the  heavy  refractory  compound  sinks)  takes 
place  in  the  melt  under  gravity.  The  process  of  phase  separation  is  well  known 
for  the  simple  process  of  A1  thermite  reduction,  in  which  the  problem  of  final 
product  separation  is  solved  when  it  forms  an  ingot  after  the  stages  of  phase 
separation  and  crystallization.  It  is  seen  that  the  final  product  yield  (the 
relative  weight  of  the  ingot)  depends  on  the  whole  diameter  [108,  114,  115]  and 
the  process  is  of  a  critical  character.  At  low  diameter  values  the  phase 
separation  is  not  observed  (crystallization  of  unsegregated  melt  takes  place); 
at  high  values  the  degree  of  the  phase  separation  is  equal  to  100%,  the  process 
being  affected  by  some  other  parameters  (centrifugal  acceleration,  combustion 
temperature,  gas  pressure,  heat  losses  and  the  like)  [107,  110,  112,  113].  The 
critical  conditions  relate  to  the  ratio  between  the  characteristic  times  of 
segregation  processes  and  the  product  cooling.  The  A1  thermite  synthesis 
method  is  realized  in  the  production  of  cast  carbides,  borides,  and  silicides 
of  transition  metals  of  groups  VI  and  VIII  of  the  periodic  table.  The  main 
problem  of  the  decrease  in  aluminum  admixtures  in  the  product  is  solved  by  the 
addition  of  special  additives.  Aluminum  thermite  approach  is  most  efficient  in 
the  aluminides  synthesis. 

The  azide  direction  based  on  the  use  of  solid  nitrogen  carriers  as 
reactants  is  an  interesting  direction  in  the  SHS  research  and  development. 
Nitrogen  introduction  into  the  green  mixture  in  the  form  of  readily  decomposing 
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compounds  makes  It  possible  to  overcome  the  problem  of  permeation  and  to 
increase  the  amount  of  bound  nitrogen  in  synthesized  nitrides.  The  work  on 
azide  use  as  a  reactant  in  the  SHS  processes  was  started  at  the  Kuibyshev 
Polytechnical  Institute  under  Professor  Kosolapov  guidance  in  1977  [116].  Two 
substances,  ammonium  nitride,  NH^N^  and  sodium  azides,  NaN^,  appeared  to  be  the 
most  suitable  reactants.  Ammonium  nitride  yields  more  pure  nitrides,  and  NaN3 
is  more  applied  in  handling.  The  azide  variant  is  used  in  fine  synthesis  and 
in  general  cases.  It  cannnot  compete  with  a  simpler  nitrogen  one. 

In  SHS  method  there  are  numerous  directions  based  on  the  use  of  various 
reactants.  Besides  those  discussed  above,  hydrides  [117],  alloys  [118], 
polymers  [119],  intermetal lides  [95],  and  mineral  raw  materials  can  be  used  in 
the  green  composition.  The  SHS  chemistry  is  so  rich,  there  are  no  limitations 
in  the  reactants  used,  if  you  are  able  to  compose  necessary  exothermic 
complexes  for  desired  products.  An  Important  contribution  to  the  development 
of  the  SHS  chemistry  was  made  by  Holt  (azide  synthesis  of  nitrides,  SHS- 
magnltermicity,  oxide-carbon  materials)  [106,120-128]. 

Among  new  directions  in  the  field  of  the  SHS  chemistry  the  oxide  one 
should  be  noted,  i.e.,  synthesis  of  complex  oxides  under  the  combustion  regime, 
which  was  underestimated  for  a  long  time.  Burning  metals  in  oxygen  (or  in  the 
air)  with  the  oxide  formation  was  considered  trivial  and  not  efficient.  The 
emphasis  was  made  to  the  systems  of  nonoxygen  combustion  as  more  original  ones. 
However,  the  paper  by  Boldyrev  et  al.  [129]  elucidated  the  usefulness  of  the 
SHS  methods  in  the  problem  of  complex  oxide  synthesis.  They  became  the  impetus 
to  the  new  publications  in  this  branch  [130-132]. 

A  series  of  investigations  have  been  undertaken  in  the  Institute  of 
Structural  Macrokinetics  by  Nersesyan  and  Borovinskaya,  et  al .  The  list  of 
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complex  oxides  obtained  by  SHS  Is  given  In  Table  2.  There  are  compounds  of  a 

very  complicated  structure  (perovskltes,  etc.).  It  is  evidence  for  the  vast 

synthetic  feasibility  of  the  method.  The  oxide  purity  is  high,  e.g.,  in 

-3  -5 

lithium  nlobate  the  contents  of  impurities  is  at  a  level  of  is  10  -  10  wt%. 

Both  solid  oxidants  and  air  oxygen  are  used  for  the  oxide  synthesis.  The 
combustion  velocity  in  multicomponent  green  compacts  is  only  0.1  -  2  cm/s,  and 
the  combustion  temperature  is  in  the  range  850- 1500*C . 

The  greatest  success  in  this  direction  is  likely  to  be  connected  with  the 
synthesis  of  high  temperature  superconductors  (so  called  oxide  ceramics).  The 
discovery  of  such  compounds  is  known  to  be  a  most  important  finding  in  modern 
physics.  All  over  the  world  the  synthesis  of  high  temperature  superconductors, 
which  are  the  most  complicated  oxides,  have  been  undertaken,  whereas  the  group 
of  Nersesyan  has  carried  out  the  combustion  reaction  synthesis  according  to  the 
science: 

3Cu  +  2Ba02  +  1/2  Y2  03  Y  Ba2  Cu3  0?_x 

where  Cu  is  the  fuel,  Ba02  is  a  solid  oxidant,  Y203  is  an  active  filler,  and  02 
is  gaseous  oxygen.  Figure  18  shows  the  temperature  dependence  of  the 
resistivity  and  magnetic  susceptibility  of  the  product  obtained  in  SHS.  The 
superconducting  parameters  of  the  SHS  products  correspond  to  the  level  of  this 
class  compounds.  SHS-superconductors  have  some  peculiarities,  which  make  them 
the  best  products  among  analogous  ones.  All  high  temperature  superconductors 
known  so  far  can  be  obtained  by  the  SHS  method,  including  bismuth  and  thallium 
ceramics. 

4.3  Thermodynamic  Analysis  and  Chemical  Stages 

As  stated  above  the  search  for  the  optimum  conditions  for  the  synthesis  of 
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the  product  of  desired  chemical  and  phase  composition  Is  In  progress.  Along 
with  the  methods  of  combustion  theory  and  structural  macrokinetics  those  of 
combustion  chemistry,  particularly  thermodynamic  analysis  of  the  SHS  reactions, 
play  an  Important  role  In  the  solution  of  this  search. 

The  development  of  the  thermodynamic  branch  Is  based  on  the  estimations  of 
both  temperature  and  equilibrium  compositions  of  the  combustion  product. 
Thermodynamic  analysis  Is  especially  Important  for  the  multicomponent  systems, 
when  the  combustion  product  composition  Is  not  apparent  because  of  competing 
side  reactions  and  phase  transformations.  The  thermodynamic  diagram  of  the 
combustion  product  In  the  TiOg  -BgOj  -Mg  system  [54]  is  given  as  an 
illustration  to  this  approach  (Figure  19).  The  end  product  of  the  reaction  is 
titanium  boride,  the  main  (obligatory  present)  by-product  is  magnesium  oxide. 
Magnesium  boride,  unreacted  titanium  boron,  and  magnesium  can  be  found  among 
the  combustion  products.  The  problem  is  to  find  the  optimum  initial 
composition  to  produce  one  boride  phase  only.  Such  a  region  for  T1B2  Is 
shadowed  in  Figure  26.  It  is  important  to  note  that  it  is  a  region  and,  not  a 
point  In  the  ternary  diagram.  It  was  formed  due  to  the  side  process  leading  to 
the  gas  phase  appearance  and  ununiqueness  of  the  optimum  conditions.  It  is 
rather  curious  that  the  stoichiometric  point  calculated  from  the  reaction: 

T102  +  B203  +  5  Mg  -  T1B2  +  5  MgO  (16) 

lies  beyond  the  optimum  area,  which  confirms  the  necessity  of  thermodynamic 
calculations. 

Knowledge  of  the  kinetics  and  mechanism  of  chemical  reactions  in  SHS 
processes  is  essential  In  the  understanding  of  the  difference  between  real  and 
thermodynamically  calculated  conditions.  The  knowledge  of  the  sequence  and 
velocity  of  chemical  transformations  helps  to  create  the  conditions  for  the 
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synthesis  of  Intermediate  compounds,  l.e.  products  of  Incomplete  transformation 
and  metastable  phases.  The  synthesis  of  cubic  modification  of  TaN  is  an 
instructive  example.  It  had  been  observed  in  the  thin  films  and  later  obtained 
by  the  SHS  method  [134].  The  study  of  the  tantalum  combustion  mechanism  in 
nitrogen  [78,135-137]  revealed  the  following  rules  (see  also  the  flow  diagram 
in  Figure  20)  only  tantalum  half-nitride  (TagN)  is  formed  in  the  combustion 
wave.  This  compound  is  an  intermediate  product  of  Ta  interaction  with 
nitrogen.  This  product  can  be  obtained  as  a  single  phased  if  the  process  Is 
quenched  after  the  combustion  wave  has  passed.  If  the  sample,  heated  by  the 
combustion  wave,  in  nitrogen,  repeated  combustion  will  take  place  with  the 
formation  of  the  tantalum  mononitride  phase,  TaN.  Remember  that  the 
experiments  held  at  ambient  nitrogen  pressure  (-40  atm)  produce  the  hexagonal 
modification  of  TaN,  those  at  high  pressures  (-3000  atm)  yield  a  cubic  one. 
The  cubic  modification  is  synthesized  through  the  combustion  of  Ta  in  liquid 
nitrogen  [138]. 

In  the  study  of  the  structural  dependence  of  the  nitride  formed  on  the 
combustion  conditions  It  was  possible  to  determine  the  homogeneous  region  of 
the  TaNx  cubic  modification  (x-0.9  -  1.2).  The  superstoichiometry  was  shown  to 
be  connected  with  the  defects  in  the  metal  sublattice.  The  specially  performed 
annealing  allowed  production  of  the  ordered  phase,  Ta5Ng.x  [139,140].  Ordering 
of  the  nonstoichiometric  phases  is  one  of  the  most  interesting  problems  closely 
connected  with  the  SHS  facilities.  The  series  of  neutron  diffraction 
investigation  on  the  ordering  in  the  Me-C,  Me-N,  Me-C-N,  etc.  systems  was 
carried  out  by  Karimov  et  al .  [139,141-144]  on  SHS  products.  Recently  Guzhko 
and  co-workers  [145]  have  obtained  an  ordered  phase  Ta^Cj  by  special  annealing 
of  the  nonstoichiometric  SHS  product.  It  is  of  interest  that  ordered  phases 
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can  be  obtained  by  the  direct  SHS  method  without  further  annealing  when  the 
process  of  product  cooling  Is  conducted  under  control.  The  kinetic  laws  and 
SHS  reaction  constants  are  necessary  for  a  better  understanding  of  the 
synthesis  conditions.  High  temperature  (up  to  3000SC)  interactions  between 
metals  and  gases  (nitrogen,  oxygen,  hydrogen)  are  studied  in  the  original 
electro-thermographic  experiments  by  Grigor'ev,  Kharatyan  et  al .  [146-154]. 

The  development  of  the  synthetic  branch  of  the  SHS  problem  becomes  more 
complicated.  There  is  a  tendency  to  solve  more  complicated  synthetic  tasks 
connected  with  certain  structural  requirements  to  the  products  obtained.  It 
can  be  expected  that  developing  structural  macrokinetics  methods  and 
combinations  of  chemical  and  macrokinetic  approaches  will  contribute  much  to 
the  solution  of  the  problems  of  SHS. 

5.  Technology  and  Materials 

If  structural  macrokinetics  and  the  combustion  theory  are  the  brain  of  the 
SHS  process,  technology  Is  Its  heart  which  secures  the  problem  Its  vital 
ability.  These  are  technologies  and  materials  obtained  in  the  chemical 
synthesis  that  played  the  most  Important  role  in  the  establishment  of  SHS  as  a 
new  active  field  of  scientific  and  technical  progress.  Even  now,  twenty  years 
after  the  SHS  emergence,  one  must  sometimes  provide  evidence  for  the  practical 
application  of  SHS.  The  first  evaluation  of  SHS  by  many  specialists  Is 
inconsistent.  "The  process  is  magnificent,  however,  it  won't  work  in  practice. 
It  won't  give  efficient  and  reliable  production,"  -  these  are  the  most  common 
conclusions.  The  only  convincing  argument  in  the  discussion  is  satisfactory 
operation  properties  of  final  product  obtained  by  SHS  method.  When  the  author 
realized  this,  active  development  of  the  technological  direction  of  the  SHS 
process  began.  At  present  the  stock  of  the  technological  methods  in  SHS  is 
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great.  It  allows  the  solution  of  the  Industrial  tasks  in  obtaining: 


chemical  products  of  a  desired  composition; 
simple  and  multicomponent  materials  of  a  desired  structure; 
parts  of  the  definite  form  and  size  (including  parts  with  coating); 
articles  with  the  required  combination  of  operation  characteristics. 
These  tasks  are  probably  of  different  complexities,  their  degree  decreasing 
down  the  above  sequence.  In  the  same  order  the  potential  and  current  scope  of 
the  research  and  development  activities  decrease.  Most  of  the  actual  problems 
of  the  present  state  of  SHS  development  are  the  products  shape  formation  and, 
direct  production  of  parts  and  articles  by  SHS  method  and  their  direct  coating. 
The  solution  of  the  problems  is  expected  to  bring  about  drastic  changes  in  the 
technology  of  Inorganic  materials. 

More  than  30  original  technological  methods  have  been  developed  in  the 
USSR  by  now.  They  can  be  divided  into  six  technological  types  (TT). 

5.1:  SHS  Technology  of  Compacts  and  Powders  (TT-1) 

This  is  the  simplest  of  the  technological  variety  of  SHS.  It  is  based  on 
the  green  compact  burning  under  ambient  conditions.  The  most  common  procedure 
is  the  condition  of  SHS  in  the  reactors  up  to  30  liter  capacity.  They  can  be 
evacuated  or  work  used  for  under  the  pressure  of  inert  or  reacting  gases.  The 
SHS  product  obtained  in  such  reactors  is  a  sinter  or  ingot  of  a  shapeless  mass, 
which  can  directly  find  practical  application.  For  example,  nitrid  ligatures 
obtained  by  ferro-alloys  burning  in  nitrogen  are  used  for  the  addition  of 
nitrogen  to  steel  [155].  However,  the  reactor  SHS  products  are  mostly  used 
for  the  powder  production.  Two  approaches  are  realized  in  this  case: 

(a)  mechanical  grinding  of  SHS  products  to  obtain  one-phase  or  composite 
powders ; 
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(b)  thermochemical  (hydrometal  1 urgical )  processing  of  multiphase  product 
to  isolate  powders  of  desired  composition  (for  example,  to  remove  MgO 
in  Mg  thermite  products). 

High  quality  powders  are  obtained  by  the  SHS  technology  in  much  simpler 
ways  than  by  furnace  synthesis.  As  has  been  shown,  SHS  products  are  quite 
competitive  and  are  of  a  certain  interest  in  the  commercial  aspects. 

SHS  powders  are  used  as  raw  material  for  sintering  of  ceramic  and  metal  - 
ceramic  articles,  depositing  protecting  coatings,  production  of  abrasive  pastes 
and  tools,  etc.  High  quality  of  S.  S  powders  under  the  optimum  technological 
conditions  provide  high  quality  level  of  the  final  product.  Abrasive 

properties  of  TiC  powders  obtained  by  different  methods  have  been  in  [156]. 
SHS  powders  have  the  best  abrasive  ability.  Thus  highly  efficient  abrasive 
pastes  of  KT  and  KTIOL  trade  mark  have  been  produced  with  the  collaboration  of 
the  USSR  Academy  of  Sciences  Institutes  of  Chemical  Physics  and  Materials 
Science.  They  allow  the  combination  of  grinding  and  polishing  into  a  one-stop 
operation  in  the  processing  of  ferrous  and  non-ferrous  metals  [157].  The 

application  of  SHS  powders  is  making  a  lot  of  progress  [158].  One  of  new 

results  is  the  development  of  sintered  tungstenless  cemented  carbides  obtained 
from  the  SHS  powder  products  of  complex  composition  (Table  3).  As  seen 
earlier,  the  use  of  pure  SHS  powders  in  the  problem  of  the  cemented  carbides 
can  lead  to  a  considerable  increase  in  the  physico-mechanical  properties  of  the 
materials.  The  use  of  SHS  powders  of  Si^N^  (a  and  p),  SiC  (/?),  BN,  B^C,  AIN, 
and  sialones  for  the  production  of  constructural ,  tool -making  and  dielectric 
ceramics  is  rather  promising.  A  great  contribution  to  the  preparation  and 

development  of  the  SHS  powder  technology  was  made  by  Borovinskaya,  Ratnikov, 
Prokudina,  Mamyan,  and  their  co-workers.  At  present  work  on  the  development  of 
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Industrial  technological  lines  and  SHS  facility  sites  have  begun. 

5.2:  SHS  Sintering  (17-2) 

Powder  production  Is  far  from  being  an  optimum  version  of  technological 
realization  of  SHS.  Its  use  is  justified  only  for  the  cases  when  SHS  products 
are  used  as  starting  materials  for  sintering  or  as  abrasive.  One  of  the 
promising  technological  tasks  Is  the  sintering  of  the  solid  product  during  SHS 
for  the  production  of  articles  of  desired  form  and  size.  The  realization  of 
this  task  is  in  the  molding  of  the  green  compact  and  the  retention  of  its 
configuration  during  the  SHS  process.  The  size  correlation  can  be  investigated 
in  a  preliminary  way. 

The  problem  of  the  SHS  product  sintering  is  not  studied  well.  It  is 

evident  that 

V2  -  Vj 

"e  *  V  *  -  O7) 

v2 

where  ijv>  ^  are  the  degrees  of  sintering  in  the  synthesis  wave  and  in  the  time 
during  which  the  product  is  still  at  high  temperatures,  respectively,  »?e  is  the 
net  degree  of  sintering  In  the  SHS  process,  v^  is  the  sample  volume;  and  v^  is 
the  volume  of  pores  In  sample.  The  »jv  value  is  decreased  by  the  admixture  gas- 
evolution,  *jp  can  be  changed  to  some  extent  by  varying  the  rate  of  cooling  of 
the  SHS  product.  The  first  work  concerning  the  production  of  SHS  sintered 
articles  [79]  was  followed  by  the  development  of  the  problem  in  three 
directions,  in  which  sintering  is  realized:  (i)  in  air,  (ii)  in  vacuum 

chambers,  and  (111)  in  special  gas  environments.  Accuracy  of  the  retention  of 
sample  configuration,  sufficient  for  practical  applications,  can  be  provided. 
Porosity  of  the  sintered  product  can  be  easily  realized  in  5-70%  limits. 

Some  characteristics  of  SHS  refractories  are  listed  in  Table  4.  In  spite 


45 


of  its  technological  simplicity  SHS  sintering  of  high  melting  articles  yields 
high  quality  materials.  SHS  sintering  have  been  developed  in  connection  with 
ceramic  materials  based  on  oxygen-free  refractory  compounds.  We  have  succeeded 
in  the  production  of  articles  suitable  for  practical  use.  A  number  of  new 
ceramic  materials  has  been  obtained  (Table  5).  Ceramics  based  on  boron, 
aluminum,  and  silicon  carbides  and  nitrides  are  known  to  difficult  to  sinter. 
Activators  introduced  to  facilitate  the  formation  of  low  porosity  articles, 
however,  make  the  material  less  stable  at  high  temperatures.  Ceramics  obtained 
by  SHS  sintering  possess  a  remarkable  peculiarity.  There  is  no  sintering 
activators  in  their  composition,  their  strength  does  not  depend  on  temperature. 

The  use  of  thermovacuo  SHS  technology  help  to  obtain  highly  porous 
articles  of  high  structural  strength.  Thus  articles  from  titanium  carbide  with 
55%  porosity  have  ultimate  compression  strength  of  100-120  MPa,  which  is  much 
higher  than  the  corresponding  value  for  articles  obtained  by  powder 
metallurgical  methods.  Porous  parts  obtained  by  SHS  sintering  are  used  as 
workpiece  to  be  soaked,  as  filters,  catalyst  supports,  etc.  The  work  by 
Borovinskaya,  Bloshenko,  Nersesyan,  and  their  co-workers  promoted  the 
investigations  on  the  use  of  SHS  sintering. 

5.3:  SHS  Denslfication  (TT-3). 

SHS  sintering  fails  to  give  products  of  sufficiently  low  porosity.  In 
some  cases  the  value  of  1%  porosity  has  been  achieved.  A  set  of  methods  has 
been  developed  to  obtain  poreless  parts  when  SHS  products  heated  by  the 
combustion  wave  is  subjected  to  densification  up  the  the  poreless  state.  The 
most  common  way  is  to  conduct  SHS  in  special  press  forms  in  which  the  product 
obtains  the  properties  and  the  form  of  a  final  material.  The  first  results  on 
the  solid  alloy  synthesis  in  this  important  technological  direction  have  been 
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reported  [80].  They  were  further  developed  both  in  the  investigative  and 
technical  engineering  aspects.  A  time  diagram  of  the  process  (Figure  21)  has 


been  utilized.  The  optimum  ratios  between  tj,  t2,  etc.  values  are  being 
determined  In  the  process  operation. 

With  references  to  Figure  22,  the  compact  homogeneity  is  ensured  under  the 
following  conditions: 

‘l  «  ‘r 
t2  -  t,  «  tr 

where  t  is  the  characteristic  time  of  thermal  relaxation  of  the  compact  and 
the  other  values,  are  as  defined  In  Figure  34.  Optimum  conditions  are  needed 
to  obtain  materials  and  articles  of  low  residual  porosity.  In  general,  these 
conditions  can  be  stated  as: 


H  ‘  h 


^d^opt 


*p  '  *4  -  *3  "  <Vopt 
P  “  Popt  >  Pcrit’ 

where  t^,  t  are  the  delay  and  duration  of  pressing,  respectively,  P  is  the 
process  pressure,  and  the  subscript  "opt"  refers  to  the  optimum  conditions.  A 
very  Important  feature  typical  to  the  discussed  process  is  the  pressing  delay, 
tj.  Figure  22  shows  the  dependence  of  the  residual  porosity  on  the  pressing 
delay  in  one  of  the  compositions  of  a  solid  alloy.  It  is  seen  that  t^  ■ 
(td)0pt  at  a  defined  porosity  minimum.  The  increase  in  porosity  caused  by 
the  deviation  from  the  optimum  of  pressing  delay  is  connected  with  the 
incompleteness  of  outgassing,  evolution  of  the  impurity  gases  (at  low  t^),  and 
with  the  loss  of  the  product  elasticity,  its  "overcooling"  (at  high  t^).  The 
determination  of  the  optimum  conditions  from  t^  and  t  as  well  as  from  P  is  an 
experimental  task  to  be  solved,  since  there  is  not  yet  a  quantitative  theory  of 


optimum  ratios. 

The  method  of  SHS  densificatlon  is  of  great  importance  for  the  creation  of 
new  materials  due  to  its  simplicity  and  efficiency.  One  of  the  most 
interesting  directions  is  the  synthesis  of  tungstenless  solid  alloys.  A  number 
of  new  compositions  with  a  wide  range  of  physi co-mechanical  properties  has  been 
designed  in  the  USSR  (both  superhard  and  superstrong).  As  compared  to  the 
alloys  obtained  in  powder  metallurgy,  the  SHS  alloys  possess  more  perfect  grain 
size  distribution  and  a  higher  purity  and,  consequently,  higher  structural 
stability  (at  certain  grain  size  and  porosity).  Because  of  the  above 
properties  the  SHS  alloys  were  referred  to  as  synthetic  hard  tool  materials 
(SHTM) . 

The  technology  of  SHS  densification  is  used  for  direct  manufacture  of 
hard-alloy  articles:  rollers,  drawing  blocks,  pressing  equipment,  cutting 
plates,  and  the  like.  Some  of  these  industrially  produced  items  are  shown  in 
Figure  23.  Their  high  operational  characteristics  and  the  advantages  of  their 
production  technology  led  to  the  demand  for  the  method  of  SHS  densification  in 
engineering.  Investigations  undertaken  by  Borovinskaya,  Ratnikov,  Pityulin, 
Kvanin,  and  co-workers  contributed  much  to  the  creation  and  realization  of  SHS 
densification  technology.  An  interesting  variety  of  this  technology  is  SHS 
extrusion  developed  under  the  guidance  of  Stolin.  Densification  in  this  case 
is  completed  by  pressing  the  SHS  product  through  a  drawing  block.  SHS 
extrusion  is  especially  effective  in  the  production  of  long-sized  articles.  In 

Interesting  investigations  on  the  combination  of  the  SHS  process  with  the 
shock  wave  action  were  started  in  1980.  Adadurov,  then  Gordopolov  et  al . 
showed  that  it  is  possible  to  obtain  suitable  materials  through  the  use  of  SHS 
shock  densification  rather  sound  process  [159,160].  The  explosion  action  in 


the  SHS  hard  alloy  production  is  one  of  the  procedures  of  grain  refining. 
Microstructures  of  SHTM  alloys,  obtained  with  pressure  application  and  with 
explosion  densification  under  similar  conditions  are  shown  in  Figure  14.  It  is 
seen  that  the  grain  size  of  the  explosion  case  is  noticeably  smaller. 

5.4  SHS  Metallurgy  (TT-4). 

The  technology  of  SHS  melt  plays  an  important  role  in  the  general  complex 

of  SHS  processing  techniques.  The  fruitfulness  of  the  idea  of  choosing  highly 

exothermic  green  mixture  to  provide  the  combustion  temperatures  exceeding  that 

of  the  melting  temperature  of  the  products  is  evident.  This  is  the  way  to 

synthesize  melts  of  refractory  substances.  High  temperature  melt  can  be 

subjected  to  all  known  metallurgical  procedures  (though  with  serious  technical 
* 

difficulties)  to  obtain  Ingots,  cast  articles,  to  perform  surfacing  by  welding. 
That  is  why  this  direction  was  called  SHS  metallurgy  which  involves  two  stages: 

(i)  melt  obtained  by  SHS,  and 

(ii)  the  treatment  of  the  melt  by  metallurgical  methods.  The  processes  of 
A1  thermite  reduction  accompanied  by  extremely  high  temperature  (up 
to  4500*C)  became  widely  spread  in  the  SHS  metallurgy. 

Three  technological  directions  have  been  developed  under  the  guidance  of 
Yukhvid  and  Borovinskaya: 

SHS  technology  of  ingots  and  cast  articles; 
centrifugal  SHS  casting; 

SHS  deposition  by  welding. 

With  reference  to  the  first  direction,  technological  regimes  of  producing  the 
Ingots  of  chromium,  molybdenum,  and  tungsten  carbides  and  borides  with  alumina 
by-product  were  worked  out. 

The  realization  of  the  SHS  processes  in  the  field  of  centrifugal  forces  is 
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rather  efficient  for  the  melt  formation.  They  strongly  affect  the  process  of 
phase  separation  providing  their  completeness  and  in  some  cases  intensify 
combustion  Itself.  To  develop  the  technology  of  centrifugal  SHS  casting  the 
results  of  Maksimov,  Maksimov,  Yukhvld  and  the  author  on  the  Influence  of 
centrifugal  action  upon  the  combustion  process  of  various  systems  were  used 
[161-162].  In  1975  centrifugal  casting  was  carried  out  in  cylindrical  chambers 
rotating  around  their  axes  to  obtain  pipes  (see  patents  [107]).  Depending  on 
the  centrifugal  acceleration  and  some  other  factors  these  conditions  produced 
two-layer  pipes  (metal  or  refractory  compound  formed  the  external  layer, 
aluminum  oxide  formed  the  Internal  one)  or  monolayer  pipes,  and  mineral 
ceramics  (without  phase  separation).  Such  articles  offer  various  applications 
(metal  laying,  pipes  for  the  transport  of  corrosive  media  roller  sleeves, 
etc.).  Centrifugal  SHS  casting  was  further  developed  in  the  investigations  of 
Odawara  [164-169]  who  conducted  his  work  in  nitrogen  (normal  pressure),  in  air 
flow,  and  in  vacuum.  The  coating  of  curved  pipes  (5.5  m  in  length,  is  evidence 
for  technical  triumph  of  this  research  [169]. 

The  SHS  melt  obtained  on  the  metal  surface  is  used  in  the  technology  of 
SHS  deposition  by  welding.  Besides  the  stages  of  synthesis  and  phase 
separation,  there  is  also  the  process  of  interaction  of  the  high  temperature 
melt  with  the  cold  metal  base,  resulting  in  a  deposited  layer.  High  adhesion 
of  the  layer  with  the  metal  base  Is  caused  by  the  intermediate  gradient  zone 
which  gradually  changes  its  composition.  Figure  24  shows  the  changes  in  the 
element  contents  In  the  lateral  microsection  of  the  system  steel -substrate- 
deposited  layer  and  the  hardness  distribution  in  the  same  cross-section.  The 
thickness  of  the  transition  zone  is  0. 5-1.0  mm.  The  main  component  of  the 
layer  is  titanium-chromium  carbide.  The  wear  resistance  of  SHS  deposited  layer 
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Is  4-5  tiroes  higher  than  that  of  castings  from  the  alloy  "Sormite",  widely  used 
In  the  USSR.  SHS  deposition  by  welding  begins  to  find  its  application  In  the 
technology  of  wear-resl stent  parts  (bits,  ploughshares,  mixer  blades,  and  the 
like).  Materials  produced  by  "SHS  metallurgy"  are  diverse,  but  their  specific 
feature  Is  the  presence  of  traces  of  the  way  they  were  produced.  In  their 
physl co-mechanical  properties  they  are  behind  the  materials  of  the  SHTM  group. 
Some  characteristics  of  SHS  cast  materials  are  summarized  In  Table  6. 

5.5  SHS  Welding  (TT-5). 

This  direction  of  the  SHS-technology  headed  by  Steinberg  is  aimed  at  the 
creation  of  strong  one-piece  connection  of  the  refractory  parts  of  uniform  and 
nonuniform  materials  by  SHS  processes  and  products.  The  process  itself  is  a 
source  of  exothermiclty  and  high  temperatures  since  the  SHS  product  is  a 
welding  material  [170].  SHS  welding  is  usually  carried  out  in  a  clearance 
between  the  parts  to  be  joined  by  making  a  high  temperature  melt  which  forms  a 
strong  bond.  To  increase  heat  evolution,  electric  current  is  usually  passed 
through  the  green  mixture  bringing  about  the  so-called  "electro-heat"  explosion 
[62].  SHS  welding  is  somewhat  intermediate  between  electro-  and  thermite 
welding.  Its  main  advantage  is  the  possibility  of  making  one-piece  connection 
between  high-temperature  materials  not  easily  welded  by  other  methods.  Carbon, 
titanium,  steel,  tungsten,  molybdenum,  and  others  can  be  welded  with  each  other 
and  to  themselves  by  this  method.  Investigations  on  SHS  welding  are  in 
progress. 

5.6  SHS  Technology  of  Gas-Transoort  Coatings  (TT-61 

This  direction  in  SHS  technology  deals  with  new  processes  in  which  thin 
coatings  are  deposited  onto  various  surfaces.  For  such  processes  to  be 
realized,  gas-transport  additions  and  the  parts  to  be  coated  are  introduced 
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Into  the  SHS  mixture.  The  process  is  fulfilled  by  gas-transport  transfer  to 
the  surface  where  chemical  reaction  (the  same  as  in  the  main  mixture)  takes 
place  and  the  desired  SHS  product  is  formed  as  a  coating.  The  thickness  of  the 
coating  can  be  regulated  from  5  to  150  pm.  Its  homogeneity  is  conditioned  by 
the  gas  phase  site. 

Table  7  gives  some  data  on  the  gas-transport  SHS  coatings  which  have  high 
operational  value.  There  are  no  requirements  to  their  form.  The  part  size  and 
its  composition  are  of  more  importance.  It  is  of  interest  that  there  is  no 
problem,  in  the  majority  of  cases,  in  producing  good  adhesion  between  the 
coating  and  the  substrate  because  of  the  formation  of  gradient  transition 
layers  (the  elemental  distribution  is  shown  in  Figure  25).  The  process  of  gas- 
transport  SHS  coatings  is,  in  principle,  intermediate  between  gas-phase 
condensation  and  diffuslonal  saturation  (bonding).  Shtessel,  the  head  of 
investigations  in  this  area,  considers  this  variant  of  SHS  technology  to  be 
beyond  any  competition  when  used  to  deposit  coatings  onto  small  parts  of 
complicated  shape. 

The  six  types  of  SHS  technology  discussed  above  are  almost  developed  at 
present.  Some  other  variants  based  on  the  SHS  principles  (gas  combustion  an 
detonation  or  gas  suspension  combustion)  are  being  developed.  Despite  the 
variety  of  SHS  technological  processes,  in  particular  the  structure  and 
application  of  the  resulting  product,  they  have  much  in  common.  Figure  26 
shows  the  generalized  scheme  of  SHS  technology.  It  consists  of  three  stages: 
preparation  of  the  SHS  mixture,  the  realization  of  the  SHS  process,  and  the 
treatment  of  the  resulting  product.  The  main  differences  between  technological 
process  are  details  concerning  these  stages. 

One  of  the  most  important  tasks  of  modern  technology  and  science  is  a 
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careful  comparison  of  various  technological  processes  and  the  determination  of 
more  efficient  fields  of  their  application.  The  same  problems  can  be  solved  by 
modern  technologies  based  on  powder  metallurgy,  plasma  and  laser  techniques, 
combustion,  etc.  Therefore,  it  is  no  surprise  that  there  is  a  competition 
between  technologies.  We  are  not  always  sure  whether  we  use  the  most  efficient 
one.  SHS  methods  being  among  the  most  up-to-date  technologies  looks  ahead  with 
confidence. 

The  use  of  cheap  chemical  energy  Instead  of  electrical,  fast  bulk  self¬ 
heating  rather  than  slow  heating  through  the  substance  surface,  and  simple 
devices  rather  than  complicated  higher  temperature  ones  are  features  of  the 
progressive  technological  principles  of  the  SHS  process,  as  an  alternative  to 
the  traditional  approaches. 

"To  burn,  not  to  warm  up",  this  simple  motto  can  lead  to  fundamental 
changes  In  modern  SHS  technology  (being  persistantly  and  universally  realized). 

6.  CONCLUSIONS 

About  twenty  years  have  passed  since  the  first  experiments  were  carried 
out  which  brought  to  life  the  notion  of  "self -propagating  high-temperature 
synthesis".  An  extraordinary  Idea  has  grown  up  Into  a  modern  field  of  science 
and  technology  with  its  own  structure,  trends  in  investigations  and 
applications.  The  deliberate  search  for  new  SHS  systems,  the  study  of  their 
combustion  mechanisms  and  synthesis  conditions,  and  the  development  of  new  SHS- 
based  technological  processes  became  a  routine  job.  A  start  has  been  made  to 
bring  these  processes  to  a  commercial  level.  So  far  it  proceeds  slowly,  but 
accelerating  with  every  new  achievement.  Despite  conservative  attitudes 
towards  the  process  from  some  specialists  in  materials  science  and  process 
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engineers  -  the  classics  of  their  business  -  the  SHS  method  worked  its  way  to 
recognition. 

A  new  stage,  rather  era,  in  the  SHS  development  is  approaching.  In  the 
near  future  we  expect  will  face  the  following: 

The  development  of  scientific  principle  of  SHS  processes  will  proceed 
along  the  path  of  structural  macrokinetics  which  will  get  firmly  established 
and  will  involve  related  processes  close  to  their  scientific  techniques. 

The  development  of  the  investigations  in  the  mathematical  modeling  of  SHS 
processes  proceeding  under  various  (including  technological)  conditions  with 
the  use  of  modern  supercomputers  for  the  solution  of  the  most  complicated  three 
dimensional  and  non-steady  nonlinear  tasks  to  predict  the  course  of  SHS 
processes  in  each  particular  case. 

High  temperature  investigations  in  the  interdisciplinary  fields  (chemical 
kinetics  and  thermodynamics,  heat  and  mass  transfer,  rheology  and 
hydrodynamics,  and  others)  which  will  supply  the  initial  data  necessary  for  the 
quantitative  description  of  SHS  process. 

The  SHS  technology  will  proceed  along  the  path  of  automation  at  the 
sufficient  level  of  computerization  and  robotization  which  allows  the  creation 
of  radically  new  SHS  processes  based  on  the  continuous  combustion  resulting  in 
"people-free"  production  and  realizing  technological  cycles  procedures. 

SHS  expansion  into  various  fields  of  modern  engineering  will  be  continuing 
and  cause  fundamental  technological  reconstruction  ("perestroika")  in  many 
manufacturing  techniques  with  significant  technical  and  economic  advantages. 

Certainly  such  an  optimistic  forcast  can  be  realized  only  under  the 
conditions  of  close  scientific  cooperation  all  over  the  world. 

The  author  is  cherishing  hopes  that  his  presentation  at  the  Symposium 
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organized  by  the  American  Ceramic  Society  will  be  his  modest  contribution  to 
the  development  of  fruitful  International  collaboration. 
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Figure  Captions 


Figure  1  The  combustion  wave  in  a  titanium  boron  mixture 

Figure  2  Spin  combustion  of  hafnium  in  nitrogen  (Source:  A.  K.  Filoneko, 

et  al.,  1975) 

Figure  3  Elementary  temperature  profiles  of  SHS  waves 

Figure  4  Thermogram  of  the  combustion  of  the  5Ti  +  3Si  system 

(Source:  A.  A.  Zenin,  G.  A.  Nersesyan,  and  A.  G.  Merzhanov, 
1980) 

Figure  5  Capillary  spreading  in  the  titanium-carbon  system 

(Source:  V.  M.  Shiciro  and  I.  P.  Borovinskaya,  1976) 

Figure  6  The  effect  of  ultrasound  on  the  combustion  of  the  Ti  +  2B  system 

Figure  7  The  size  distribution  of  silicon  particles  combusted  in 

nitrogen:  (Source:  S.  D.  Mukasyan,  I.  P.  Borovinskaya  et  al . , 
1986) 

Figure  8  Effect  of  dilution  on  the  combustion  of  the  silicon-nitrogen 

system  (Source:  A.  S.  Mukasyan,  I.  P.  Borovinskaya  et  al . , 

1986) 

Figure  9  Fe-V  alloy  combustion  rate  in  nitrogen 

Figure  10  The  temperature  profiles  of  normal  and  inverse  waves 

Figure  11a  Adiabatic  structures  of  combustion  waves:  Equilibrium  mechanism 

Figure  lib  Adiabatic  structures  of  combustion  waves:  Non-equil ibrium 

mechanism 

Figure  12  The  principal  concept  of  structural  macrokinetics 

Figure  13  Cross  section  of  tantalum  samples  combusted  in  nitrogen 

(1)  quenched  (2)  slowly  cooled 

Figure  14  Microstructural  features  of  static  and  shock-densified  titanium 

carbide  (Source:  A.  N.  Pityulin,  Yu. A.  Gordopolov  et  al . ,  1987) 

Figure  15  Product  formation  in  the  Ti-H  system 

Figure  16  Synchrotron  radiation  analysis  on  the  Ni -Al  system  (Source: 

V.  V.  Boldyrev,  V.  V.  Aleksandrov  et  al ,  1981) 

Figure  17  Equilibrium  composition  and  the  adiabatic  temperature  of 

titanium  hydride 

Figure  18  The  temperature  dependence  of  th*  electrical  resistivity  and 

magnetic  susceptibility  of  SHS  ceramics  of  MeBa^Cu^-x 


Figure  19 


Condensed  phase  equilibrium  diagram  in  the  Ti09 — B507 —  mg 
system  L  J 

Figure  20  Schematic  of  product  formation  during  the  combustion  of  tantalum 

in  nitrogen 

Figure  21  Time  diagram  of  SHS  densification 

Figure  22  The  dependence  of  residual  porosity  on  pressing  time  delay 

(Source:  A.  N.  Pityulin  et  al.,  1985) 

Figure  23  Industrially  produced  hard-alloy  articles 


Figure  24  Compositional  and  hardness  variations  in  the  cast  titanium- 

chromium  carbide  based  coatin 

Figure  25  The  elemental  distribution  of  a  transition  layer  between  the 

coating  and  the  substrate 

Figure  26-  Generalized  scheme  of  SHS  technology 


Table  1.  Comparison  of  Calculated  and  Experimental  Combustion 


Temperatures  in  SHS  Systems 


Reaction 

Tcalc<K> 

TexP<K> 

Ni  +  A1  -  N1A1 

1910 

1910 

Co  +  A1  -*  CoAl 

1900 

1880 

Ti  +  Si  -*  TiSi 

2000 

1850 

T1  +  2Si  -  Ti Si ^ 

1800 

1770 

Nb  +  2S1  -  NbSi2 

1900 

1880 

Mo  +  2Si  -  MoSi2 

1900 

1920 

5Ti  +  3Si  -*  TigSij 

2500 

2350 

Nb  +  C  -  NbC 

2800 

2650 

2  Ta  +  C  -»  Ta2C 

2600 

2550 
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Table  2.  Complex  SHS  Oxides 


Aluminates  Bismuth-containing  GarnatesNiobates 

Compounds 


YA103 

Bi4V4°ll 

Y3Al5012LiNbO: 

MgAl204 

Bi4Fe20g 

Y3Fe5°12NaNb0 

B14Ti3°12 

GdGa5012KNb03 

BijTINbOg 

NaBa2NbgOj3 

Bi3TiTaOg 

KBa2Nb5015 

Table  3.  Physlco-Mechanical  Properties  of  SHS-Based  Alloys 


Table  4.  Characteristics  of  Some  Refractory  Materials 


Dolomite 

and  Magnesite- 

Based 

Characteristics 

Dolomite- 

•  Magnesite- 

Based 

Based 

Refractoriness  (°C) 

2150 

2200 

Porosity  (%) 

40-60 

45-55 

Adhesion  shear  strength 

5-5 

2-4 

with  a  brick  base  (MPa) 

Depth  of  slag  corrosion  (mm) 

2. 0-2. 5 

1.3-1. 9 

Depth  of  slag  impregnation  (mm) 

1. 1-1.3 

1.1-1. 4 

Depth  of  steel  penetration  (mm) 

4. 2-4. 8 

4. 6-5. 2 

Chromium-Ore-Based 

Refractoriness  (*C) 

1750-1850 

Porosity  (1%) 

40-65 

Compression  strength  (MPa) 

40-80 

Thermal  expansion  coefficient  (K 

■’) 

9  x  10'6 

Thermal  conductivity  (J/m*s*K) 

0.5-1. 1 

Thermal  shock  resistance  (900*C-water)  up  to  25  thermocycl 


Table  5.  Physlco-Mechanlcal  and  Thermal  Properties  of  SHS  Ceramics 


of  SijN^-SiC-TiN  Composition 


Density  (kg*nf3*103) 

3.05-3.25 

Porosity  (%) 

8-15 

Modulus  of  Elasticity  (GPa) 

dynamic 

194-200 

static 

200 

Hardness 

Rockwell  (HRA) 

85-93 

Vickers  (GPa) 

6.1-11.3 

Ultimate  flexural  strength*  (GPa) 

300-430 

The  critical  value  of  stress 

2. 5-4. 9 

intensity  coefficient  (MN  m*^) 

Wei  bull  modulus 

5.8 

Thermal  conductivity  coefficient 

18 

(0/m*s«K) 


*The  value  of  the  ultimate  flexural  strength  is  retained  up  to  1670K. 


Table  6.  Characteristics  of  Some  Cast  Coatings 


If 


Table  7.  Characteristics  of  Some  Gas-Transport  SHS-Coatlngs 
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ABSTRACT 

Research  and  development  on  the  SHS  is  actively  expanding  in 
Japan.  The  trend  is  oriented  to  the  process  developments  for  a 
variety  of  high  performance  materials.  This  paper  reports  the 
current  status  of  R&Ds  in  combustion  synthesis  for  ceramic 
powders  and  intermetallic  alloys,  combustion  sintering  for 
ceramics,  cen t r i f uga 1- ther mi t  process  for  ceramic  coating,  and 
single  crystal  growing  from  the  po 1 y cr y s ta 1 1 i ne  rod  prepared  by 

SHS. 
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INTRODUCTION 


In  Japan,  R&Ds  on  the  SHS^  have  started  in  1984,  when  Osaka 
University  group  demonstrated  that  the  refractory  ceramics  such 

O  \  O  \  /  \ 

as  TiB^  TiCJ;  and  SiC  ;  can  be  synthesized  and  simultaneously 
densified  by  the  High-Pressure  Combustion  Sintering  (HPCS)  method 
which  was  developed  as  a  combined  process  of  the  SHS  and  high 
pressure  technique.  Now,  at  least  five  universities,  five 
national  institutes  and  eight  companies  are  engaged  in  R&Ds  of 
SHS  aiming  at  the  developments  of  a  variety  of  high  performance 
materials.  The  examples  are  ceramic  powder  synthesis, 
intermetallic  alloy  formation,  simultaneous  synthesis  and 
consolidation  for  ceramics  and  composites,  ceramic  coating, 
joining,  single  crystal  growth  of  carbides,  and  so  on.  In  this 
paper  the  current  status  of  R&Ds  on  SHS  in  Japan  is  reviewed. 

COMBUSTION  SYNTHESIS  OF  CERAMICS 

Various  ceramic  powders  of  carbides,  borides,  nitrides  and 
silicides  have  been  produced  by  the  SHS  since  1984.  Fine  silicon 
carbide  powders  are  produced  from  mixed  powders  of  silicon  and 
carbon  in  traveling  through  a  tunnel  kiln  by  the  exothermic 
synthesis  reaction,  and  commercially  supplied  as  raw  materials 
for  SiC  ceramics,  refractory  bricks  and  abrasives.  These  are  the 
examples  that  the  SHS  or  the  exothermic  synthesis  reaction  has 
been  applied  to  industrial  production  in  Japan. 

The  basic  study  on  the  combustion  synthesis  of  nitrides  and 
the  reaction  analysis  has  been  performed  in  Osaka  University. 
The  process  is  the  nitridation  combustion  reaction  for  elemental 
metal  powders  in  pressurized  nitrogen  atmosphere  below  10  MPa, 
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and  high  purity  nitride  powders  of  TiN,  NbN,  ZrN,  TaN,  Si^N^  and 
AIN  are  synthesized.  Appropriate  amount  of  the  same  powders  as 
product  are  added  to  the  raw  metal  powders  within  a  few  ten 
percent  in  order  to  complete  the  nitridation  by  reducing  too  high 
reaction  temperatures  and  preventing  the  agglomeration  of  molten 
metal  particles  . 

The  value  of  activation  energies  for  the  nitridation 
reactions  obtained  for  TiN  (370kJ/mol),  NbN  (290kJ/mol)  and 
TaN ( 1 40k J/mol )  suggest  that  the  synthesis  reactions  are 
controlled  by  the  diffusion  of  nitrogen  atom  through  the  solid 
nitrided  layer  of  each  metal  particle^.  On  the  other  hand,  it 
is  considered  that  Si^N^’^  and  AIN®^  are  formed  by  the  vapor 
phase  reaction  of  Si  and  A1  vapors  with  nitrogen  gas  at  the 
nitriding  combustions  respectively. 

The  niobium  nitride  synthesized  has  a  NaCl  type  B1  phase 
structure  and  shows  superconductivity  at  the  transition 
temperature  of  17. 3K.  which  coincides  with  the  highest  reported 
value  for  NbN  prepared  by  sputtering.  Recently,  it  was  found 
that  the  solid  solution  system  of  NbNj  Cx  (0£x£0.8)  can  be 
synthesized  from  the  mixed  powders  of  Nb  and  C  by  the  nitridation 
combustion.  The  superconducting  transition  temperatures  varied 
depending  on  the  composition  and  showed  a  peak  value  of  18. 8K  at 
x«0.4  as  shown  in  Fig.l,  which  is  0.9K  higher  than  the  highest 
reported  value  for  this  system.  B1  phase  NbN  is  a  high 
temperature  equilibrium  form  above  1300^C  and  usually  not  easy  to 
be  synthesized.  The  rapid  cooling  effect  of  the  combustion 
reaction  seems  to  affect  to  quench  the  high  temperature  form . 
It  is  also  possible  to  synthesize  Si^N^+SiC  composite  powders  in 
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a  wide  composition  range  by  igniting  the  mixed  powders  of  Si  and 
C  under  nitrogen  gas  pressure.  The  SHS  is  expected  to  develop  as 
a  synthesis  process  to  produce  new  materials  of  composite  powders 
and  solid  solutions  which  are  difficult  to  be  prepared  by  the 
conventional  synthesis  methods. 

INTERMETALLIC  ALLOY  FORMATION 

The  intermetallic  compounds  such  as  TiAl,  NiTi,  Ni^Al  and 
ZrNi  alloys  can  be  synthesized  by  the  combustion  reaction  of 
their  constituent  elements.  The  R&Ds  are  promoted  in  the 
following  institutions-National  Research  Institute  for  Metals, 
Tokyo;  Government  Industrial  Research  Institute,  Hokkaido;  Tohoku 
University,  Sendai;  Tokyo  Institute  of  Technology,  Yokohama;  and 
others . 

Titanium  aluminum  alloy  which  was  consolidated  for  the 
synthesized  powders  by  HIPing  shows  mechanical  properties 
equivalent  to  the  cen t r i f uga 1 1 y  atomized  alloy.  Nickel  titanium 
alloy  with  less  oxygen  content  is  synthesized  and  formed  to  wire 
and  thin  plate  via  processes  of  HIPing,  hot-rolling,  cold-rolling 
and  drawing.  The  shape  memory  effect  and  the  supe r e 1  as t i c i t y 
equal  to  the  commercial  NiTi  alloy  are  obtained.  These 
technologies  have  been  developed  by  Y.  Kaieda  in  National 
Research  Institute  For  Metals  '  .  Some  products  of  NiTi  alloy  are 
shown  in  Fig  .  2  . 

COMBUSTION  SINTERING  PROCESS 

Synthesis  and  densi f i ca t i on  for  ceramics  can  be  achieved 
simultaneously  by  combining  the  SHS  and  high  pressure  techniques. 


4 


The  first  experiment  was  conducted  by  igniting  the  mixed  powders 
of  Ti  and  B  under  the  ultra  high  pressure  of  3GPa  by  using  a 
cubic  anvil  device,  and  a  sintered  body  of  TiB2  with  95%  density 
was  obtained.  Other  dense  ceramics  of  ZrB2»  TiC  and  SiC  were 
fabricated  by  this  method,  but  its  practical  application  was 
limited  because  of  small  sample  size  and  pressure  loading  system 
of  GPa  order.  As  a  useful  process  to  solve  these  problems,  a  new 
method  of  the  gas-pressure  combustion  sintering  has  been  devised 
by  Y.  Miyamoto  in  1987^)  as  illustrated  in  Fig.  3. 

In  this  method,  the  reactant  is  vacuum  sealed  into  a  glass 
capsule  just  like  the  capsule  method  for  HIPing  and  embedded  into 
the  combustion  agent  such  as  the  mixed  powders  of  Ti  and  C.  The 
reaction  is  initiated  by  the  high  heat  release  from  the 
combustion  agent  which  is  ignited  at  the  glass  softening 
temperature  under  Ar  gas  pressures  below  lQOMPa.  Nearly  full 
dense  TiB2*  TiC,  and  their  composites  with  metals  and  with 
ceramics  have  been  fabricated  by  this  process.  If  this  new 
process  is  fully  developed,  the  mass  production  of  near-net 
shape  components  of  ceramic  composites  will  be  available. 

Another  pressure  loading  systems  are  being  developed  for 
simultaneous  synthesis  and  consolidation  of  ceramics  by  N.  Sata 
at  Government  Industrial  Research  Institute,  Tohoku^^.  One  is  a 
uniaxial  loading  system  by  a  spring  and  another  is  an  isostatic 
loading  system  by  water  pressure.  Using  these  methods,  the  so 
called  Functionally  Gradient  Materials  (FGM)  for  Til^-Cu  system 
are  now  being  developed.  The  FGM  is  a  new  composite  material 
consisting  of  a  surface  layer  of  refractory  ceramics  with  a  metal 
phase  continuously  increasing  within  the  ceramic  matrix, 
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eventually  forming  a  metal  base  .  Such  materials  are  expected 
to  have  high-temperature  resistance  with  low  internal  stress, 
good  fracture  toughness,  and  enhanced  metal  bonding  capabilities. 
The  combustion  consolidation  method  enables  to  change 
continuously  the  metal  composition  to  a  certain  content  in  the 
ceramic  matrix  because  the  initial  arrangement  of  compositional 
constituents  in  the  green  body  remains  in  the  product  due  to  the 
rapid  wave  propagation  of  combustion  reaction.  Two  research 
groups  of  GIRI,  Tohoku,  and  Osaka  University  are  being  engaged  in 
developing  FGM  by  the  pressurized  combustion  sintering  and 
consolidation  methods. 

Recently  a  reaction  sintering  process  to  fabricate  new 

composite  material  of  SiC  and  C  without  pressure  loading  has  been 

13) 

developed  at  Osaka  Cement  Co.,  Ltd.  .  In  this  process,  the 
exothermic  reaction  for  Si  and  C  mixture  enables  to  form  -SiC 
particles  and  to  make  them  distribute  homogeneously  in  the  carbon 
matrix.  The  products  exhibit  excellent  properties  in  surface 
hardness,  lubrication,  electric  and  thermal  conductivities  as 
well  as  wear  and  oxidation  resistances.  Various  shaped 
components,  as  shown  in  Fig. 4,  are  being  produced  with  the  trade 
name  of  "CARBO-SIC". 

OTHER  UNIQUE  APPLICATIONS  OF  SHS 


Centrifugal-thermit  process,  which  is  a  new  technique  of  a 
kind  of  SHS,  has  been  devised  for  lining  the  ceramic-metal 
composite  layer  on  inner  surface  of  pipes  by  0.  0dawara^\  By 
inducing  the  following  thermit  reaction,  SFe^O^  +  8A1— ^AA^o  + 


9Fe  -  3265kJ,  in  a  hollow  metal  pipe  rotating  at  high  speed,  the 


inner  surface  of  the  pipe  melts  and  forms  a  composite  with  the 
reaction  product.  Since  the  density  of  the  produced  ceramic  such 
as  alumina  is  normally  smaller  than  that  of  the  produced  metal, 
the  thick  ceramic  layer  can  be  coated  with  the  intermediate 
metallic  layer  on  the  inner  surface  of  pipe  as  shown  in  Fig.  5. 
A  metal-ceramic  composite  pipe  as  long  as  5m  can  be  produced  by 
the  centrifugal-thermit  process  and  this  technique  was 
transferred  to  Kubota  Iron  Works  Co.,  Ltd.. 

In  National  Institute  for  Research  in  Inorganic  Materials, 

high-quality  large  single  crystals  of  TiC  were  prepared  from  the 

feed  rod  synthesized  by  SHS.  S.  Ohtani  has  succeeded  to  grow  a 

large  single  crystal  from  a  TiC  feed  rod  formed  by  igniting  the 

rod  of  Ti  and  C  mixed  powders  in  vacuum,  using  the  floating  zone 
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method  as  shown  in  Fig.  6  .  The  application  of  SHS  to  prepare 

the  feed  rod  of  high  purity  TiC  leads  to  growing  of  single 
crystal  with  high  crystal  perfection  compared  with  the  crystal 
prepared  from  the  commercial  TiC  powders.  Single  crystal  of  TiC 
can  be  used  as  an  efficient  field  emitter  and  a  substrate 
material  for  high  temperature  SiC  semiconductor  with  less  thermal 
expansion  mismatch.  These  new  material  processings  are  noted  as 
the  unique  applications  of  SHS. 

SUMMARY 

As  described  in  the  previous  chapters,  SHS  research  and 
development  are  actively  expanding  in  Japan.  The  SHS  is 
characterized  as  the  rapid  and  economical  process  with  generating 
high  heat.  It  is  expected,  therefore,  that  further  ideas, 
combinations  with  other  processes  as  well  as  fundamental 


investigations  to  develop  the  process  merits,  will  lead  to  a 

variety  of  new  processings  for  material  science  and  technology, 

especially  in  the  field  of  ceramics  and  metals. 
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Figure  Captions 


Fig.  1.  Superconducting  transition  temperatures  of  NbN^  ^Cx 

solid  solutions  synthesized  by  the  SHS  under  10  MPa 
nitrogen  pressure. 

Fig.  2.  Various  products  of  NiTi  alloy  prepared  by  the  SHS. 

(Courtesy,  Dr.  Y.  Kaieda,  Institute  for  Metals,  Tokyo.  ) 

Fig.  3.  A  model  process  of  the  gas-pressure  combsution  sintering 
for  future  production  system. 

Fig.  4.  iiC-C  Components,  "CARBO-SIC" ,  produced  by  the 

exothermic  reaction  sintering  at  Osaka  Cement  Co.,  Ltd.. 

Fig.  5.  Metal-ceramic  (  alumina  )  composite  pipe  produced  by  the 
centrifugal-thermit  process.  (  Courtesy,  Prof.  0. 
Odawara,  Tokyo  Institute  of  Technology  ) 

Fig.  6.  TiC  single  crystal  prepared  from  the  self -com bust  ion  rod 
of  polycrystalline  TiC  by  floating  zone  method. 
(Courtesy,  Dr.  S.  Ohtani,  National  Institute  for  Research 
in  Inorganic  Materials,  Tsukuba  ) 
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Metal -ceramic  (  alumina  )  composite  pipe  produced  bv  the 
centr i f ugal - thermi t  process.  (  Courtesy,  Prof.  O. 
Odawara,  Tokyo  Institute  of  Technology  ) 
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TiC  single  crystal  prepared  from  the  self-combustion  rod 
of  poiycrystal 1 ine  TiC  by  floating  zone  method.  ( 
Courtesy,  Dr.  S.  Ohtani,  National  Institute  for  Research 


in  Inorganic  Materials,  Tsukuba  ) 
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MODELING  AND  NUMERICAL  COMPUTATION  OF  A  NONSTEADY  SHS  PROCESS 
A.  Bayliss  and  B.  J.  Matkowsky 
Department  of  Engineering  Sciences  and  Applied  Mathematics 
Northwestern  University 
Evanston,  Illinois  60208 

Abstract  Analytical  and  numerical  methods  are  employed  to  study  the  SHS 
process.  In  particular,  solutions  to  equations  modeling  the  process  which 
describe  observed  modes  of  propagation  are  obtained.  Predictions  of  new  modes 
of  propagation,  exhibiting  yet  more  complex  behavior,  not  yet  reported 
experimentally  are  also  made. 

1 . INTRODUCTION  Combustion  synthesis,  or  self  propagating  high  temperature 
synthesis  (SHS),  is  a  new  and  innovative  method  for  the  fabrication  of  high  tech 
ceramic  and  metallic  materials.  In  this  method  a  sample  (say  a  cylindrical 
sample)  consisting  of  a  compacted  powder  mixture  is  ignited  at  one  end.  A 
thermal  wave  then  propagates  through  the  sample,  converting  unbumed  reactants 
to  products.  This  process  was  pioneered  by  Merzhanov  and  colleagues  in  the 
U.S.S.R.  (see  e.g.  [1-6]).  and  has  been  extensively  investigated  by  J.  B.  Holt 
and  colleagues  in  the  U.S.  [7],  as  well  as  by  others  throughout  the  world.  The 
SHS  process  is  important  not  only  because  of  its  technological  Implications,  but 
also  from  the  point  of  view  of  basic  science.  Modeling  and  analysis  of  the 
process  involves  the  study  of  complex  dynamical  systems.  The  mathematical  model 
consists  of  a  system  of  highly  nonlinear  partial  differential  equations. 

Studies  of  this  system  not  only  lead  to  a  greater  understanding  of  the 
combustion  process,  but  the  theoretical  problems  describing  the  process  pore 
serious  challenges  which  require  the  development  of  new  mathematical  methods  for 
their  resolution.  Finally,  the  insight  gained  from  these  studies  helps  us  to 
understand  the  behavior  of  the  process,  which  is  a  necessary  prerequisite  to  our 
ability  to  effectively  control  the  process. 

Thus  we  consider  a  reaction  front  (so-called  solid  flame)  propagating 
through  a  cylindrical  sample.  Experiments  have  revealed  a  variety  of  modes  of 
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propagation  through  the  sample.  In  addition  to  the  uniformly  propagating  planar 
front,  there  have  been  observations  of  (i)  pulsating  combustion,  in  which  a 
planar  front  propagates  with  an  oscillatory  velocity,  (ii)  spin  combustion,  in 
which  one  or  more  hot  spots  (luminous  points)  are  observed  to  move  in  a  helical 
motion  along  the  surface  of  the  sample,  and  (iii)  multiple  point  combustion,  in 
which  the  hot  spots  appear,  disappear,  and  reappear  repeatedly.  Finally, 
experiments  indicate  that  in  certain  cases  burning  occurs  throughout  the  sample , 
while  in  other  cases  burning  occurs  only  on  the  surface  of  the  sample  and  not  in 
its  interior. 

We  employ  both  analytical  and  numerical  methods  to  study  the  SHS  process. 

In  particular  we  obtain  solutions  to  equations  modeling  the  process ,  which 
describe  the  above  mentioned  observed  modes  of  propagation,  as  well  as  predict 
new  modes  of  propagation,  exhibiting  yet  more  complex  behavior,  not  yet  reported 
experimentally . 

2 .MATHEMATICAL  MODEL  The  nondimens ional  model  we  consider  is  given  by 

(2.D  «t  -  *  ’2»  *  („<}t7>)AY  •  It  S 

(2.2>  Yt  -  *tv2 .  (i]*Y  ....f#}!;;}1} .  1 1 1  ■ 

Here  6  and  Y  denote  nondimensional  temperature  and  concentration  respectively,  N 
is  the  activation  energy,  a  is  the  ratio  of  unbumed  to  burned  temperature, 
z  -  Xj  -  ^(x^.x^.t)  is  a  coordinate  moving  with  the  front  <^,  and  A,  the  solid 

flame  speed  eigenvalue,  is  determined  from  the  solution  corresponding  to  the 
uniformly  propagating  planar  front.  The  model  accounts  for  melting,  which 
causer  the  reaction  rate  to  increase  by  the  factor  a  >  1.  The  condition  at  the 
melting  surface  is 

(2.3)  (1  +  W2))[fiz]  +  7Y(t,z-0)*t  -  0  , 

where  [q]  denotes  the  jump  in  the  quantity  q  across  the  melting  surface,  and  7 
is  the  heat  of  fusion.  The  boundary  conditions  are 

(2.4)  Y  -  1,  0  -  0  as  z  •*  -  ®, 

(2.5)  Y  -  0,  0-1  as  z-*  +  «. 


We  consider  this  problem  in  each  of  the  geometries  corresponding  to  (i)  one 


dimensional  propagation,  (ii)  burning  on  the  surface  of  a  cylinder,  and  (iii) 
burning  throughout  the  cylinder.  In  addition,  we  consider  the  problem  both  for 
finite  activation  energies,  where  the  reaction  occurs  over  a  zone  whose  width  is 
inversely  proportional  to  N,  with  rate  given  by  the  Arrhenius  kinetics,  and  for 
very  large  activation  energies  (the  so  called  flame  sheet  model),  in  which  case 
the  reaction  zone  collapses  to  a  moving  surface  (the  reaction  front)  and  the 
Arrhenius  reaction  rate  is  replaced  by  delta -function  kinetics  on  the  reaction 
surface.  The  flame  sheet  model  is  employed  in  our  analytical  studies,  while  the 
Arrhenius  kinetics  is  employed  in  our  numerical  studies.  Finally,  in  case  (iii) 
of  burning  throughout  the  cylindrical  sample,  we  impose  the  insulated  boundary 
condition 


(2.6) 


M  M  M  .  0 

dr  dr  dz 


at  r  ■  R, 


and  in  cases  (ii)  and  (iii)  we  impose  the  periodicity  conditions 
(2.7)  g(*  +  2*)  -  g<*) 

where  g  denotes  8 ,  Y  and  4 ■ 


3 .ANALYTICAL  AND  NUMERICAL  RESULTS  A  theoretical  analysis  of  the  one¬ 
dimensional  case  was  undertaken  by  Matkowsky  and  Sivashinsky  [8]  who  considered 
the  flame  sheet  model  without  melting.  They  showed  that  the  self-oscillatory 
mode  arose  as  a  Hopf  bifurcation  from  the  uniformly  propagating  planar  front,  as 
a  critical  parameter  nc  -  2  +  J5,  of  the  system,  was  exceeded.  Here 

H  -  N(l-o)/2 ,  Matkowsky  and  Sivashinsky  showed  that  the  uniformly  propagating 
planar  front  is  stable  for  n  <  For  p  >  pc  they  showed  that  the  uniform 

front  is  unstable  and  perturbations  evolve  to  the  bifurcated  state,  i.e.,  to  the 
pulsating  propagating  state.  In  their  bifurcation  analysis,  they  calculated  the 
amplitude,  frequency  and  velocity  of  the  pulsating  front. 

Bifurcation  analysis  is  valid  locally,  in  a  neighborhood  of  the  bifurcation 
point.  To  determine  more  global  behavior,  i.e.,  to  determine  the  behavior  of 
the  system  beyond  this  neighborhood,  it  is  necessary  to  determine  the 
bifurcation  branch(es)  numerically.  To  do  so,  Bayliss  and  Matkowsky  [9] 


introduced  an  adaptive  Chebyshev  pseudo- spectral  method  for  the  numerical 
solution  of  the  one -dimensional  problem,  which  was  subsequently  extended  in 
[10],  Employing  this  method  [9,11]  for  the  model  with  Arrhenius  kinetics,  with 
melting  included,  they  showed  how  the  sinusoidal  oscillations  predicted  by 
bifurcation  theory  developed  into  relaxation  oscillations  as  p  is  increased. 

Note  that  the  definition  of  p  is  now  modified  to  account  for  melting,  so  that 
P  -  N(l-o)/2(l-M) ,  where  the  melting  parameter  M  is  defined  as 
M  -  (1  -  (l+7)/a)  exp{N(l-a) (0^-1) } ,  where  8  denotes  the  melting  temperature. 

They  were  then  able  to  numerically  identify  a  period  doubling  secondary 
bifurcation  at  •  The  oscillations  exhibit  sharp  narrow  spikes  alternating 

with  longer  slowly  varying  behavior.  The  peaks  of  the  oscillations  become 
progressively  sharper  and  steeper  as  p  is  increased.  In  addition  the 
temperature  profiles  change  very  rapidly  in  a  very  narrow  region  (reaction  zone) 
in  space.  The  resolution  of  this  behavior  in  space  and  in  time,  poses  a 
serious  challenge  to  numerical  computations,  and  makes  adaptive  techniques 
particularly  attractive.  Our  adpative  pseudo-spectral  method  was  introduced  to 
meet  this  challenge  of  accurately  and  efficiently  computing  solutions  exhibiting 
this  behavior.  As  p  is  increased  beyond  p^,  the  doubly  periodic  solution  can  no 

longer  be  computed,  and  the  solution  returns  to  the  singly  periodic  branch. 

There  is  an  interval  of  bistability  where  the  singly  and  doubly  periodic 
branches  stably  coexist,  each  with  its  own  domain  of  attraction. 

In  our  numerical  approach  we  solve  the  problem  as  an  initial  boundary  value 
problem,  integrating  in  time  until  a  stable  oscillatory  steady  state  is 
achieved.  Thus  we  necessarily  compute  only  the  stable  branches  of  the 
bifurcation  diagram.  Generally  the  solution  reaches  its  steady  state  after  a 
relatively  short  period  of  time,  except  near  bifurcation  points  where  much 
longer  times  are  required  to  reach  steady  state  conditions. 

In  the  numerical  computations  we  employ  the  parameter  values  N  -  50, 
0-1.7,  7-0.5,  fl-0.8.  In  Figures  la- If  we  exhibit  plots  of  the  computed 

temperature  at  a  fixed  value  of  z,  for  increasing  values  of  p.  We  observe  the 


transition  from  the  steadily  propagating  front  to  the  bifurcated  oscillatory 
front  for  p  >  where  lies  between  4.27  and  4.28.  This  compares  well  with 

the  analytical  prediction  of  fi -  4.236  [8],  which  was  computed  for  the  flame 

sheet  model.  The  oscillations  rapidly  develop  into  relaxation  oscillations  with 
progressively  sharper  spikes  of  increasing  amplitude,  as  n  increases.  Then  a 
period  doubling  secondary  bifurcation  occurs  at  ^  which  lies  between  4.454  and 

4.459.  The  growth  of  the  larger  spike  is  very  rapid  along  the  secondary  branch. 

As  n  is  increased  beyond  with  4.521  <  <  4-523,  solutions  are  again  singly 

period^,.*  In  Figure  2  we  exhibit  temperature  profiles  at  selected  times  in  the 
cycle  for  n  -  4.519. 

Theoretical  analyses  of  the  cases  in  which  burning  occurs  on  the  surface  of 
a  cylindrical  sample,  as  well  as  throughout  the  sample,  were  considered  in  [12] 
and  [13]  respectively.  In  each  case  the  flame  sheet  model,  with  melting 
included,  was  considered,  and  a  basic  solution  corresponding  to  a  uniformly 
propagating  planar  front  was  Identified.  A  linear  stability  analysis  of  that 
solution  then  led  to  a  neutral  stability  curve,  which  separated  the  region  in 
parameter  space  in  which  the  uniformly  propagating  solution  is  stable  from  the 
region  in  which  it  is  unstable.  Perturbations  in  the  form  of  modes 
l  -  exp  (i(«t  ±  nV>) }  in  the  case  of  surface  burning,  and  of  the  form 
4  -  JR(kr)  exp(i(wt  ±  nV>)  in  the  case  of  burning  throughout  the  sample  were 

considered  (with  similar  perturbations  of  the  temperature  field,  suitably 
modified  to  account  for  their  dependence  on  z).  For  surface  burning,  the  wave 
number  k  is  given  by  k  -  n/R,  while  for  burning  throughout  the  sample,  k  is 
determined  by  J^(kR)  -  0.  Thus  only  discrete  points  or  modes  on  the  neutral 

stability  curve  are  realized.  We  note  that  if  the  radius  R  of  the  cylindrical 
sample  is  sufficiently  small,  then  the  most  unstable  mode  corresponds  to  n  -  0, 
so  that  as  p  is  increased  beyond  the  value  -  2  +  Jb,  the  uniformly 

propagating  solution  becomes  unstable  and  a  transition  to  planar  pulsating 
propagation  occurs.  As  R  is  increased,  the  discrete  points  on  the  neutral 

& 


stability  curve  move  to  the  left.  Thus  for  larger  R,  the  most  unstable  modes 
correspond  to  n  >  0.  First  the  mode  n  —  1  becomes  the  most  unstable,  then  n  -  2 
and  so  on  as  R  is  increased.  In  the  nonlinear  analysis  we  derived  equations  for 
the  amplitudes  of  the  most  unstable  modes  and  found  solutions  corresponding  to 
(i)  spinning  waves,  which  travel  clockwise  or  counter-clockwise  around  the 
cylinder,  while  propagating  forward  in  the  -z  direction,  thus  resulting  in  a 
helical  motion,  and  (ii)  standing  waves  whose  points  of  maximum  temperature 
periodically  rise,  fall  and  rise  again,  thus  describing  multiple  point 
combustion.  In  addition,  we  found  solutions  corresponding  to  various  modes  of 
quasi-periodic  burning.  We  presented  formulae  for  the  amplitude,  frequency  and 
average  velocity  of  the  nonsteadily  propagating  solutions.  When  the  uniformly 
propagating  solution  becomes  unstable,  a  transition  to  a  stable  spinning  or 
stable  standing  wave  will  occur.  The  spinning  (standing)  wave  will  be  one 
headed  (n-1) ,  two  headed  (n-2)  or  n  headed,  depending  on  the  size  of  R.  The 
quasi-periodic  modes  of  propagation  that  we  predict  are  new  and  experimental 
observations  of  these  modes  have  not  yet  been  reported. 

We  now  present  some  results  of  numerical  computations  of  the  surface 
burning  problem,  for  the  model  with  Arrhenius  kinetics,  with  melting  included. 
The  analysis,  described  above,  predicts  that  the  uniformly  propagating  solution 
becomes  unstable  at  ft  «  4,  k  -  1/2.  For  fi  >  4,  both  traveling  wave  solutions 

(spinning  combustion)  and  standing  wave  solutions  (muliple  point  combustion) 
exist.  The  stability  of  these  solutions  depends  on  the  parameters  of  the 
problem. 

First  we  describe  solutions  corresponding  to  standing  waves.  In  these 
computations  we  employ  the  parameter  values  N  -  50,  a  -  2.3,  7  -  0.18, 

Bm  “  0.8.  In  Figure  3  we  present  a  plot  of  the  location  of  the  melting  surface 

at  a  sequence  of  time  values,  for  the  case  p  -  4.207.  As  n  is  increased  the 
solution  exhibits  relaxation  oscillations  in  time  and  a  progressive  narrowing  of 
the  location  of  the  luminous  point  in  In  Figure  4  we  illustrate  the 

temperature  (  as  a  function  of  time  t,  at  z  -  0.4,  at  angles  i>  -  0,  i>  -  w/2, 


1>  -  ir,  and  +  -  3*/2  respectively,  for  p  -  4.07  and  for  p  -  4.16.  In  Figures 

5a, b,  perspective  plots  of  9(z,+)  are  shown  for  p  -  4.16  at  two  different  times. 

The  figures  show  the  formation  of  the  luminous  point,  and  its  subsequent 

reappearance  on  the  other  side  of  the  cylinder.  Ue  have  also  computed  solutions 

describing  spinning  waves .  An  example  of  such  a  solution  is  shown  in  Figure  6 . 

This  computation  corresponds  to  the  parameter  values  N  -  50, a  -  2.0,  7  -  0.05, 

6  -  0.8. 

m 

Finally,  we  remark  that  in  addition  to  the  problems  described  above,  we 
have  also  considered  the  problems  of  (i)  non-adiabatic  propagation  [14],  which 
describes  the  effects  of  heat  losses,  (ii)  the  interaction  of  various  modes  of 
pulsating  and  spinning  combustion  [15,16],  and  (iii)  the  effect  of  a  sequential 
reaction  mechanism  [17]  to  more  realistically  account  for  the  chemical  kinetics 
occuring  in  the  problem.  Finally,  we  have  begun  an  investigation  of  the  problem 
of  filtration  combustion,  in  which  gas  under  high  pressure  is  introduced  into 
the  porous  powder  mixture,  to  enhance  the  combustion  process. 
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Figure  Captions 

9  at  z  -  0.25,  p  -  4.426,  steady  solution  branch. 

lb.  6  at  z  -  0.5,  -  4.294,  singly  periodic  solution  branch. 

lc.  S  at  z  -  0.2,  p  -  4.454.  singly  periodic  solution  branch. 

ld.  9  at  z  -  0.026,  /j  -  4.466,  doubly  periodic  solution  branch. 

le.  0  at  z  -  0.026,  -  4.51918,  doubly  periodic  solution  branch 

lf.  9  at  z  -  0.026,  /j  -  4.51918,  singly  periodic  solution  branch 

2.  Spatial  profiles  of  9  at  four  different  times,  /i  -  4.51918, 
singly  periodic  solution  branch. 

3.  Location  of  the  melting  surface  at  different  times, 
standing  wave  solution;  /j  -  4.20. 

4.  9( t,  z-0.4,  ^)at  angles  ^  -  0,  ir/2,  *,  3w/2.  Standing 
wave  solution;  m  “  4.16. 

5a.  9(t,z,1>)  at  t  -  30.5.  Standing  wave  solution;  ft  -  4.16. 

5b.  9(t,z,1>)  at  t  -  32.25.  Standing  wave  solution;  //  -  4.16. 

6.  Location  of  the  melting  surface  at  different  times, 

spinning  wave  solution;  n  -  4.11. 
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ABSTRACT 

In  combustion  synthesis,  the  steady,  planar  burning  of  a  propagating  reaction  front  is  unsta¬ 
ble  to  time-periodic  modes  of  burning  for  sufficiently  large  values  of  the  activation  energy  and 
the  melting  temperature.  At  critical  values  of  the  radius  of  a  long  cylindrical  sample,  two  sets  of 
modes,  which  correspond  to  pulsating  and  spinning  combustion  waves,  are  neutrally  stable  simul¬ 
taneously.  A  nonlinear  stability  analysis  in  the  neighborhood  of  such  a  radius  then  leads  to  the 
prediction  of  additional  stable  solution  branches  that  correspond  to  new  quasi-periodic  modes  of 
gasless  combustion. 


§1.  Introduction 

It  is  now  well  known  from  both  experimental  and  theoretical  studies  that  the  propagation  of 
reaction  fronts  in  condensed  phase  combustion  can  exhibit  a  rich  variety  of  nonsteadv  bifurca¬ 
tion  phenomena.  The  physical  process  is  often  referred  to  as  self-propagating  Aigh-tempe,  =iture 
synthesis  (SHS),  since  it  consists  of  the  propagation  of  a  highly  exothermic  chemical  reaction 
through  a  mixture  of  finely  ground  metal  powders  to  form  an  alloy  product.  Nonuniform  reaction 
zone  temperatures,  which  occur  in  nonsteady,  nonplanar  modes  of  combustion,  may  result  in  cor¬ 
responding  nonuniformities  in  the  synthesized  product.  Thus,  a  knowledge  of  the  various  types  of 
stable  nonsteady,  nonplanar  modes  which  can  exist  may  have  important  practical  applications. 

In  a  cylindrical  geometry  (Fig.  1),  for  example,  there  have  been  numerous  experimental  docu¬ 
mentations  of  spinning  and  so-called  “multiple-point”  modes  of  propagation.1'3  In  the  case  of  spin 
combustion,  a  spiraling  motion  of  a  nonplanar  front  occurs,  and  one  or  more  luminous  points  are 
observed  to  move  in  a  helical  fashion  along  the  surface  of  the  cylindrical  sample.  (A  special  case 
of  spin  combustion  is  sometimes  referred  to  as  “self-oscillatory  combustion,”  in  which  a  front  with 
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no  angular  dependence  propagates  in  a  pulsating  fashion).  In  multiple-point  combustion,  one  or 
more  luminous  spots  are  observed  to  appear,  disappear,  and  reappear  on  the  sample  surface,  how¬ 
ever,  these  two  categories  are  very  broad,  and  the  analysis  presented  in  the  present  study  indicates 
that  mode  interactions  within  and  between  these  two  categories  can  produce  a  variety  of  complex 
qu&si-periodic  behavior. 

The  model,  which  we  have  employed  in  several  studies4-®  to  analyze  the  transition  to  nonsteady 
condensed  combustion,  is  based  on  the  realistic  assumptions  that  the  activation  energy  of  the 
intermetallic  reaction  is  large  and  that  at  least  one  component  of  the  mixture  melts  during  the 
reaction  process.7,8  For  sufficiently  large  activation  energies,  the  reaction  zone  collapses  to  a  thin 
sheet  which  separates  the  unbumed  mixture  from  the  burned  product,  and  the  solutions  on  each 
side  of  the  front  are  related  by  a  nonlinear  jump  condition  which  depends  on  local  conditions.  This 
jump  condition  also  depends  on  a  modified  activation  energy  parameter  A  and  a  melting  parameter 
M.  The  latter  ranges  from  zero  in  the  limit  that  the  melting  temperature  is  sufficiently  lower  than 
the  adiabatic  reaction  temperature,  to  unity  in  the  limit  that  the  melting  temperature  approaches 
the  adiabatic  reaction  temperature  and  chemical  reaction  prior  to  melting  is  negligible.  Stability  of 
the  steadily  propagating  planar  solution  is  lost  when  the  parameter  ratio  2 E  =  A/(l  -  M )  becomes 
sufficiently  large,  and  thus  the  effect  of  nonzero  M  is  to  make  the  neutral  stability  threshold 
more  accessible.  This  result  is  consistent  with  experimental  results  which  indicate  that  a  decrease 
in  the  adiabatic  reaction  temperature  (which  increases  A)  by  means  of  dilution  or  a  decrease 
in  preheating,  or  an  increase  in  the  amount  of  inert  but  meltable  binding  material,  can  effect  a 
transition  to  nonsteady  combustion.  However,  the  nature  of  the  bifurcation  depends  crucially  on 
A  and  M  separately. 

Previous  analyses  which  have  sought  to  determine  the  nature  of  combustion  synthesis  above 
the  stability  threshold  have  been  one- dimensional,8- n  and  except  for  the  last  of  these,  have  also 
neglected  melting,  which  is  equivalent  to  setting  M  -  0  in  the  models  discussed  above.  Owing  to 
the  nonmonotonicity  in  the  neutral  stability  boundary  for  the  multidimensional  problem  (Fig-  2), 
the  basic  solution  is  in  general  more  unstable  to  nonplanar  disturbances.  Thus,  for  sufficiently  large 
sample  radii,  stability  of  the  steady,  planar  mode  would  first  be  lost  to  a  nonsteady,  nonplanar  mode 
of  propagation.  In  4:,  a  bifurcation  analysis  in  a  cylindrical  geometry  was  performed  for  values 
of  the  sample  radius  such  that  a  simple  eigenvalue  of  the  linear  stability  problem  occurred  at  the 
minimum  of  the  neutral  stability  boundary  at  E  =  Eo  =  4.  Employing  E  as  the  bifurcation  param¬ 
eter,  three  solutions  were  shown  to  bifurcate  from  the  basic  solution  at  that  point,  corresponding 
to  a  clockwise  spinning  mode,  a  counterclockwise  spinning  mode,  and  a  standing  (multiple-point) 
mode  formed  from  a  superposition  of  the  other  two  modes.  For  the  special  case  of  a  zero  angular 
wavenumber  these  three  solutions  collapse  to  a  single  “radial’’  (self-oscillatory)  mode.  However,  it 
was  found  that  only  for  a  realistic  range  of  M  greater  than  zero  were  either  the  spinning  or  standing 
wave  solution  branches  stable.  Consequently,  a  local  bifurcation  analysis  which  neglected  melting 
was  not  able  to  describe  the  observed  phenomena. 

In  the  present  work  we  summarize  the  results  of  two  recent  studies5  ®  in  which  we  consider  the 
possibility  of  secondary  and  higher-order  bifurcations  arising  from  various  mode  interactions.  In 
particular,  we  analyze  the  the  problem  in  the  neighborhood  of  a  multiple  bifurcation  point.  This 
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occurs  for  values  of  the  sample  dimensions  such  that  two  sets  of  modes  correspond  to  the  same  value 
of  E;  one  set  lies  to  the  left  and  the  other  set  to  the  right  of  the  minimum  in  the  neutral  stability 
boundary  (Fig.  2).  By  varying  the  sample  radius,  we  “split”  the  multiple  bifurcation  point  into  two 
simple  primary  bifurcation  points  and  a  number  of  secondary,  tertiary  and  quaternary  bifurcation 
points.  The  resulting  bifurcation  diagrams  thus  display  considerable  structure  and  predict  new- 
stable  quasi-periodic  modes  of  propagation. 

§2.  The  Mathematical  Model 

We  now  consider  a  specific  problem;  namely  the  propagation  of  a  reaction  front  through  a  solid 
combustible  mixture  contained  in  a  long  cylindrical  channel  of  radius  R  with  insulated  boundaries 
(Fig.  1).  To  describe  this  process  we  employ  an  asymptotic  mode!  valid  for  either  homogeneous 
or  heterogeneous  reaction  rate  laws.7’*  This  model  assumes  a  large,  but  finite,  activation  energy 
for  a  one-step  Arrhenius  chemical  reaction  in  which  two  finely  ground  metallic  powders  combine  to 
form  an  alloy  product.  The  model  accounts  for  melting  of  the  limiting  component  of  the  reaction 
at  temperatures  near  the  adiabatic  flame  temperature,  although  the  final  product  is  assumed  to  be 
solid  at  the  adiabatic  flame  temperature. 

For  large  activation  energy,  the  reaction  zone  becomes  a  thin  sheet  whose  location  in  nondi- 
mensional  cylindrical  (r,ip,z 3)  coordinates  is  given  by  xs  =  $(r,  t/>,  t),  where  $  is  to  be  determined 
as  a  function  of  its  arguments.  Then,  introducing  the  moving  coordinate  system 

r  -  r,  i/>  =  V>,  2  =  x3  -  $(r,V\t),  (1) 

the  asymptotic  model  for  $  and  the  nondimensional  temperature  0  is  given  by 

»  re  »(W  (2) 

dt  dt  dz  dt  K  K  ’ 

d$  [  (d*y  1  |exp{A!0(r,t/>,2  =  0,1)  -  1  }  -  M \u* 

ft  ='l  W i - Ti - }  (3) 

0  =  0  at  z  =  -oo,  0  =  1  at  2  =  -coo  (4) 

80  5$  1^0  _  ,  , 

Tr-  -SaT"0*'”*’  (5) 

where  6{z)  is  the  Dirac  delta  function  and  VJ  is  the  Laplacian  in  the  moving  coordinate  system.  The 
(large)  modified  activation  parameter  A  is  defined  in  terms  of  the  dimensional  activation  energv 
E ,  unburned  temperature  Tv,  adiabatic  burned  temperature  Ta,  and  the  gas  constant  Rf  as 

A  =  (E/ R,Ta)(l  -  Tu/Tm).  (6) 

The  melting  parameter  M  is  defined  in  terms  of  the  dimensional  melting  temperature  Tm  <  Ta, 
the  ratio  7  >  0  of  the  heat  of  fusion  of  the  melting  reactant  to  the  heat  of  reaction  of  the  (solid) 
product  relative  to  the  (solid)  unburned  powder,  and  the  factor  a  by  which  the  reaction  rate  jumps 
upon  melting,  as 


-0-42) 


JUt-i 

R,T*  V  Tt 
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and  is  less  than  unity  since  Tm  <  Ta.  In  the  heterogeneous  model,8  it  was  assumed  that  no  chemical 
reaction  occurred  prior  to  melting  and  thus  a  =  oc.  The  special  case  a  =  1,7  =  0  corresponds  to 
the  limiting  case  ( M  -  0)  of  no  melting;  i.e.,  there  is  no  change  in  the  reaction  rate  coefficient  and 
the  heat  of  fusion  is  zero.  In  this  limit,  as  well  as  in  the  limit  Tm  <  Ta,  the  present  model  collapses 
to  a  single-phase  mode!  will,  the  single  parameter  A. 

§3.  The  Basic  Solution  and  its  Linear  Stability 

A  one-dimensional,  time-independent  solution  of  Eqs.  (2)  -  (5),  which  exists  for  all  values  of 
the  parameters  A  and  Af,  and  which  we  refer  to  as  the  basic  solution,  is 

*•(*)  =  -<,  e°(*)={£’  HI  (?) 

Thus,  in  nondimensional  units,  the  basic  solution  describes  a  planar  reaction  front  which  moves 
normal  to  itself  with  velocity  d$°/dt  =  -1. 

We  now  consider  the  linear  stability  of  the  basic  solution.  We  introduce  the  perturbation 
quantities 

d&° 

<t>(r,rp,t)  =  i  -  $°(t),  9{r,rj>,z,t)  =  0  -  0°(z)  -  0—  ,  (9) 

and  find  that  the  only  solutions  of  the  linear  stability  problem  which  can  render  the  basic  solution 
unstable  are  multiples  of  the  modes 


Jn(kn.mr)e«"'±n*\  (10) 

where  the  discrete  radial  wavenumber  knm  is  the  mth  root  of  J^(kR)  =  0  and  Jn  is  the  Bessel 
function  of  the  first  kind  of  order  n.  We  note  that  the  values  of  the  admissible  wavenumbers  kn  rn 
thus  depend  on  the  radius  R  of  the  channel.  The  dispersion  relation  w(fr).  k  =  knm.  is  determined 
by 

4(tu>)3  —  (ia>)s(  1  -  4Z  -  -  4*2)  -  (iut)Z(l  -  4k7)^Z7k*  =  0,  (11) 

where 

Z  =  A/  2(1  -  M)  .  (12) 

The  basic  solution  (8)  is  unstable  (stable)  if  Re(w)  >  (< )  0.  On  the  neutral  stability  boundary. 
Re(iu>)  =  0,  and  Eq.  (11)  possesses  a  nontrivial  solution  which  corresponds  to  a  time-periodic 
motion.  On  this  boundary  (Fig.  2), 

E}(1  -  4k})  -  4Z(1  -  3*J)  -  (1  -f  4k*y  =  0,  wJ  =  E(1  -  4JbJ)/4  .  (13) 

Another  solution,  u  =  Hr  =  0,  8  =  d©°/dz,  corresponds  to  a  linear  translation  of  the  basic  solution. 
We  note  from  Eq.  (13)  that  the  neutral  stability  boundary  depends  only  on  the  ratio  E  of  A  to 
2(1  -  A/).  However,  in  the  bifurcation  analysis  which  follows,  each  of  the  two  parameters  A  and 
A/  enters  separately. 
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For  a  given  channel  radius  R,  there  exists  a  discrete  set  of  admissible  wavenumbers  /fcn  m  de¬ 
termined  from  the  roots  of  J'n  —  0.  Consequently,  from  Eq.  (13),  there  exists  a  discrete  set  of 
eigenvalues  En  m  of  the  linear  stability  problem,  the  smallest  of  which  is  the  critical  value  E0  at 
which  the  basic  solution  loses  stability.  In  general,  E0  will  be  a  simple  eigenvalue  (i.e.,  only  a  unique 
member  of  the  set  Zn,m  is  identified  as  the  smallest  eigenvalue),  which  was  the  case  considered  in 
[4j.  However,  for  certain  values  R0  of  the  channel  radius,  E0  is  a  double  eigenvalue.  That  is,  two 
members  of  the  set  E„)TO  are  equal  and  smaller  than  all  the  other  members  of  that  set,  as  illustrated 
in  Fig.  2.  As  we  vary  the  channel  radius,  the  double  eigenvalue  “splits”  into  two  simple  eigenvalues, 
resulting  in  a  much  more  complex  bifurcation  diagram.  However,  we  note  that  at  least  for  nonzero 
angular  wavenumber  n,  a  set  of  modes  is  associated  with  each  wavenumb-r  knm.  These  modes 
correspond  to  clockwise  spinning,  counterclockwise  spinning,  and  standing  combustion  waves,  as 
discussed  below'. 

We  denote  the  first  set  of  modes  to  the  left  of  the  minimum  in  the  stability  boundary  by  the 


subscript  “1”  with  mode  numbers  n1}  mu  radii.  1  wavenumber  iniiTO|,  and  frequency  Similarly, 
the  first  set  of  modes  to  the  right  of  the  minimum  is  denoted  by  the  subscript  “2”  with  mode  numbers 
rij,  m2,  radial  wavenumber  and  frequency  Wj.  As  discussed  above,  we  consider  the  case  in 

which  E0  is  a  double  eigenvalue.  We  note  that  to  insure  that  E0  is  indeed  the  smallest  critical  value 
of  the  parameter  E,  there  can  be  no  other  mode  numbers  (n,  ,  m^)  such  that  <  kn>rni  < 

The  ordering  of  the  mode  numbers  ( n, ,  m*)  in  the  direction  of  increasing  wavenumber  Jfcn„mi  is  (0,1 ), 


(1,1),  (2,1),  (0,2),  (3,1),  (4,1),  (1,2),  (5,1),  (2,2),  (0,3),  (6,1),  (3,2),  (1,3),  (7,1),  (4,2),  (8,1),  (2,3), 


. . .  .  Thus,  by  varying  the  radius  of  the  channel,  we  can  arrange  for  any  two  sets  of  adjacent  modes 


to  lie  on  opposite  sides  of  the  minimum  in  the  neutral  stability  boundary  (Fig.  2). 


§4.  The  Bifurcation  Branches  and  Their  Linear  Stability 

We  employ  a  perturbation  analysis  in  the  neighborhood  of  E  =  =.0  =  A0/|2(l  -  M )  by  intro¬ 
ducing  the  scaled  bifurcation  parameter  a  and  the  splitting  parameter  fi,  according  to 

A~A0(l-of2 - ),  R^R0(\-»(2 - ),  (14) 

where  Rq  is  a  value  of  the  radius  such  that  E0  is  a  double  eigenvalue.  The  value  of  the  small 
expansion  parameter  f  is  defined  by  specifying  a  and/or  fi.  Here,  we  consider  the  case  in  which  the 
splitting  parameter  is  nonzero.  Setting  ^  =  1  without  loss  of  generality,  <  is  then  defined  as 

(  =  yj  R  -  R0  !Ro  ■  (13) 

Consequently,  the  bifurcation  parameter  <7  is  related  to  A  according  to  a  —  fJ(A  -  A0). 

We  now  seek  solutions  for  the  perturbation  quantities  <?  and  6  in  the  form  of  power  series 
expansions  in  e.  The  result  of  this  analysis5  is  that,  to  a  first  approximation,  the  solution  for  the 
reaction  front  #(r,  i/>, /)  has  the  long  time  behavior 

$(rit/h0  ~  —t  -  <J6i  (  -4 1 ,i ! 2  +  |Ai,:!2)  -  (  Aj,\  3  -r  -4}i2!:)  t 

+  <  -  !A,.,  J„(*„.mir)  -  c.c.  (16) 

+  c  Jn>(kn>  mjr)  -  c.c., 
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where  “c.c.”  denotes  the  complex  conjugate.  Equations  for  the  coefficients  bx,  fe2  and  the  complex 
amplitudes  Aij  e"’*'-1  (the  latter  are  complicated  functions  of  the  bifurcation  and  splitting  param¬ 
eters),  are  obtained  from  solvability  conditions  at  0(eJ)  and  at  0(e3),  respectively.  In  particular, 
the  magnitudes  of  the  amplitudes  |Aio|  are  determined  as  solutions  of 


d\Ahl\ 

dr 

d\Axi3\ 

dr 

d'Atx  i 
dr 

d,Aij\ 

dr 


+  (ci<r  +  c2p)  |Ai,i|  +  |v4i ,i f  (C3 j -4 1 , 1 1 2  c4  v4i,s!*  +  CsMj.ii2  ■+•  /42ij  J)  —  0 ,  (17) 

+  (ci47  +  cj/*)  +  l-Ai.jj  (c3|i4i,j|s  -i-  c4  v4i,i|*  c5 |>i2i2t2  +  cej j42<1  I2)  =  0  ,  (18) 

+  {d\<r  +  rfj/i)  |A2,i|  +  |A2iil  (c^3 1  -^2,1 1 2  +  d^Aij]*  4-  ]-4i,i l2  —  del^i,*!1)  —  0,  (19) 

+  ( di<r  -f  d2fi)  |Aj, 2I  +  \AitI\  (d3|Aj  2|J  +  ^41^2,1  |J  +  dslAii2!2  -+■  J)  =  0  ,  (20) 


where  the  slow  time  r  =  e3i,  and  the  coefficients  ck ,  dk  are  functions  of  the  parameters  A0,  A/, 
R0  and  the  mode  numbers  nj,  ml5  n2,  m2.  The  conditions  (17)  -  (20)  determine  the  number  and 
stability  of  the  bifurcation  branches  in  the  neighborhood  of  the  double  eigenvalue  E0.  In  particular, 
counting  the  basic  solution  A^i  =  A12  =  A2,i  =  A2,2  =  0,  there  exist  up  to  16  nontrivial  steady 
solutions  of  the  amplitude  equations  for  a  given  set  of  parameter  values.  Solutions  Ia,b,c,d  have 
one  nonzero  amplitude,  solutions  IIa,b,c,d,e,f  have  two  nonzero  amplitudes,  solutions  IIla,b,c,d 
have  three  nonzero  amplitudes,  and  solution  IV  has  all  four  amplitudes  nonzero.  We  remark  that 
the  type  I  solutions  represent  time-periodic  spinning  modes  of  combustion,  whereas  solutions  Ila 
(iAi,i|  =  ;Ai.2  i-  0)  and  lib  (iA2,i|  =  j A2i2  ^  0)  represent  time-periodic  standing  (pulsating) 
modes.  The  remaining  solutions  represent  various  quasi-periodic  modes  of  propagation,  since  they 
correspond  to  the  superposition  of  two  or  more  spinning  waves  with  incommensurate  frequencies  ai, 
and  u>2.  We  also  note  that  the  phases  are  perturbations  of  the  spinning  or  pulsation  frequency 
through  the  slow  time  e2t.  The  linear  stability  of  these  various  solutions  are  easily  obtained  from 
a  linear  stability  analysis  of  Eqs.  (17)  -  (20). 

We  may  now  obtain  bifurcation  diagrams  by  plotting  the  amplitude  of  the  perturbation  from 
the  basic  solution  as  a  function  of  the  scaled  bifurcation  parameter  a.  Since  the  splitting  parameter 
p  is  nonzero,  the  double  eigenvalue  E0  is  split  into  two  simple  eigenvalues,  and  the  single  multiple 
bifurcation  point  E<j  splits  into  two  primary  and  a  number  of  secondary,  tertiary  and  quaternary 
bifurcation  points.  Thus,  as  we  vary  E  in  a  neighborhood  of  E0  by  varying  a.  we  predict  transitions 
among  the  various  modes  of  propagation.  The  periodic  solutions  la.  Ib,  Ila  (frequency  =  *•,) 
emanate  from  one  of  the  primary  bifurcation  points,  and  the  periodic  solutions  Ic.  Id.  lib  (frequency 
~  *>2)  emanate  from  the  other.  For  p  >  0,  corresponding  to  a  radius  R  larger  than  R0 ,  the  basic 
solution  first  loses  stability  to  one  or  more  of  the  primary  modes  1c.  Id.  I  Ib  at  a  value  of  a  which  is 
less  than  zero  (the  other  primary  branches  emanate  from  a  positive  value  of  a).  Similarly,  for  p  <  0, 
corresponding  to  R  <  R0 ,  the  basic  solution  first  loses  stability  to  one  or  more  of  the  primary  modes 
la,  Ib,  Ila.  In  Fig.  3  we  exhibit  a  representative  bifurcation  diagram  for  particular  values  of  M  and 
adjacent  mode  numbers  (ni,mi)  and  (n2 ,m2).  It  indicates  considerable  variety  and  complexity, 
predicting  various  cascades  of  bifurcations,  exchanges  of  stability,  and  mode-jumping  phenomena 
as  we  vary  the  bifurcation  parameter  a. 
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The  amplitude  equations  (17)  -  (20)  also  admit  nonsteady  solutions.®  In  particular,  since  the 
amplitude  equations  are  differential  equations  with  respect  to  the  slow  time  r,  there  exist  time- 
periodic  solutions  in  addition  to  the  steady  solutions  discussed  above.  These  additional  solutions, 
which,  from  Eq.  (16)  represent  new  modes  of  quasi-periodic  combustion,  appear  as  closed,  stable 
branches  when  the  melting  parameter  M  is  above  a  critical  value  Mt.  This  is  shown  by  the  dotted 
curves  in  Fig.  4,  which  differs  from  Fig.  3  only  in  the  value  of  A/,  which  was  less  than  Mc  in  that 
figure.  As  M  approaches  Me  from  above,  the  two  (Hopf)  bifurcation  points  on  solutions  Illc  and 
Illd,  between  which  these  solutions  are  unstable,  coalesce  into  a  single  degenerate  point.  For  M  in 
a  neighborhood  of  Mc,  we  employ  a  perturbation  method  to  show  that  these  new  solution  brancues 
appear  as  ellipses  on  IIIc  and  Illd.  Alternatively,  we  have  also  determined  these  branches  from  a 
numerical  integration  of  the  amplitude  equations  for  arbitrary  values  of  M  >  Mt. 

§5.  Concluding  Remarks 

The  analysis  that  we  have  employed  has  shown  that  many  different  periodic  and  quasi-periodic 
modes  of  combustion  synthesis  are  possible  in  the  parameter  regime  for  which  steady  planar  burning 
is  unstable.  In  this  regime,  the  time-averaged  propagation  velocity  is  readily  obtained  from  Eq. 
(16)  as 

f  ~dt  ^  =  ~  il  )  ~  (l^2,ii  -t  |A2,j|  ^  +  o(f2) ,  (21) 

where  ) A,j'  denotes  the  time-averaged  value  of  \Aij\-  Thus,  whether  the  nonsteady,  nonplanar 
modes  propagate  slower  or  faster  than  the  steadily  propagating  planar  solution  depends  on  the  co 
efficients  b},  on  the  amplitudes  |A,;  ,  and  on  the  mode  numbers  n}  and  m;.  Nonsteady  combustion 
tends  to  decrease  the  propagation  speed;  however,  the  wrinkling  of  the  reaction  front  can  overcome 
the  slowing  effects  of  nonsteady  combustion  if  the  spatial  wavenumber  is  sufficiently  large.812  In 
the  regimes  where  the  primary  branches  are  supercritical  (t.e.,  bend  to  the  right),  the  propagation 
speed  is  usually  less  (fcj  <  0,  b3  <  0)  than  that  of  the  basic  solution. 
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FIGURE  CAPTIONS 

1.  Condensed  phase  combustion  in  a  long  cylindrical  channel.  In  the  limit  of  large  activation 
energy,  the  reaction  zone,  which  contains  the  isotherm  on  which  melting  occurs,  collapses 
to  an  infinitesimally  thin  sheet. 

2.  The  neutral  stability  boundary.  The  sets  of  discrete  modes  denoted  by  square  markers  are 
for  a  case  {R  =  R0)  in  which  Z  =  E0  is  a  double  eigenvalue  of  the  linear  stability  problem. 
When  the  channel  radius  R  is  perturbed  from  R0.  the  double  eigenvalue  E(,  splits  into  two 
simple  eigenvalues  Ej  and  Z2,  as  indicated  by  the  circular  markers. 

3.  Bifurcation  diagram  near  a  double  eigenvalue  for  a  given  pair  of  mode  interactions  and  a 
value  of  the  melting  parameter  M  <  Mc.  Solid  (dashed)  curves  denote  stable  (unstable) 
solutions.  The  labels  refer  to  the  various  steady  solutions  of  the  amplitude  equations  (17)  - 
(20). 

4.  Same  as  Fig.  3.  but  with  a  value  of  the  melting  parameter  M  >  Mc.  The  solid  dotted 
curves  denote  stable  periodic  solutions  of  the  amplitude  equations  (17)  ■  (20). 
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Abstract 

SHS  processes  are  described  by  transport  equations 
whose  solution  features  very  thin  reaction  boundary  layers. 
A  two  dimensional  regridding  algorithm  was  employed  which 
makes  it  feasible  to  perform  numerical  solutions. 

Key  words  :  Condensed  phase  combustion,  adaptive  grid. 
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1 .  Introduction 


Advanced  ceramic  materials  are  a  relatively  new  class  of  high 
performance  materials  with  significant  potential  for  future  economic  impact. 
Because  of  their  special  properties,  advanced  ceramic  materials  are  expected 
to  be  used  increasingly  in  a  number  of  high-performance  commercial 
applications  ranging  from  heat  and  wear  resistant  parts  to  electronic  and 
optical  devices. 

Several  methods  of  manufacturing  of  ceramic  materials  have  been 
developed.  This  paper  attempts  to  analyze  two  important  classes  of  methods: 

(i)  preparation  by  a  direct  combustion  reaction  (solid-solid  or  solid-gas 
combustion),  and 

(ii)  preparation  of  oxide  ceramic  powders  in  a  hydrogen-oxygen  flame. 
Governing  equations  describing  each  process  are  developed  and  ways  of 

simulation  of  these  models  described.  Since  both  methods  of  synthesis  take 
advantage  of  strongly  exothermic  processes  a  sophisticated  mathematical 
software  must  be  used  to  cope  with  occurrence  of  steep  gradients  and 


instabilities. 
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2.  Modeling  of  SHS  Operations 

Combustion  in  condensed  systems  is  an  efficient  method  of  synthesis 
of  many  high  performance  ceramic  materials  such  as  carbides,  borides, 
nitrides,  silicides,  etc  [1 ,2,3,4, 5,6,7 J .  The  process  utilizes  the  heat 
released  by  an  exothermic  reaction  between  the  precursor  components.  After 
ignition  of  the  exothermic  reaction  by  an  energy  source  with  a  short  term 
service,  a  reaction  front  forms  which  is  self-sustaining  and  propagates 
throughout  the  unreacted  sample  as  long  as  fresh  material  is  available. 

This  process,  sometimes  referred  to  as  Self -Propagating  High-Temperature 
Synthesis,  is  a  unique  technology  for  preparing  advanced  ceramic  materials. 
Major  advantages  over  conventional  processes  are:  fast  processing  of  the 
material,  self-purification  and  generation  of  temperatures  in  excess  of 
2000“C  so  that  an  expensive  furnace  is  not  necessary  1 1 ] .  Initiation  of  the 
chemical  reaction  is  obtained  by  conductive  heat  exchange  or  by  a  flow  of 
radiant  energy  (8]. 

The  modeling  of  SHS  operations  involving  reaction  between  two 
solids  (solid-solid)  or  a  solid  and  a  gas  (gas-solid)  is  based  on  the 
following  assumptions: 

a.  The  heterogeneous  sytem  consisting  of  a  mixture  of  two  different  powders 
or  powder  and  reacting  gas  is  treated  as  though  it  were  homogeneous. 

b.  A  heterogeneous  noncatalytic  reaction  occurs  between  the  solid  S  and 
the  gas  G  (or  the  solid  M): 

sS(  s )  +  gC(g) - -*  P  ^  (  s ) 

sS(s)  +  mM(s) - ►  P£(s ) 

The  reaction  rate  is  represented  by  the  following  equation: 
rs  *  k  f(ps}  pV 


(2) 


and  the  temperature  dependence  of  reaction  rate  constant  is  in  the 


Arrhenius  form: 

k  =  kQ  exp( -E/RT)  (3) 

c.  The  mass  diffusion  and  heat  conduction  processes  are  described  in  terms 
of  Fick's  and  Fourier's  law,  respectively. 

d.  All  physical  properties  (solid  density,  heat  of  reaction,  diffusion 
coefficient,  effective  thermal  conductivity  and  heat  capacity)  are  assumed 
constant. 

e.  The  porosity  of  the  system  remains  constant. 

f.  The  equation  of  state  of  the  gas  is  described  by  the  ideal  gas  law. 

g.  The  gas  flow  in  the  permeable  medium  is  governed  by  Darcy's  law. 

Based  on  the  above  assumptions,  the  modeling  equations  are  as 
follows  (see  [9]  for  definition  of  symbols): 


a.  Mass  balance  in  gas  and  solid  phases  : 
3P- 


e__B  =  . 
at. 


e  7. (up  )  -  yr 
-  -  g  s 


(4) 


9ps 

(^ar--*. 


(5) 
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where  : 


b.  Energy  balance: 

— (pC  T)  =  -eV . (up  C  T  )  +  \  V.(7T)  +  (-AM)r  (6) 

at  p  -  -  8  p 

c.  Momentum  balance: 

u  +  kfVp  =0  (7) 

d.  Equation  of  state: 

p  RT 

(8) 

g 

In  the  case  of  solid-solid  SHS  reation,  equations  (4),  (7)  and  (8) 
are  not  considered  and  the  porosity  e  is  taken  to  be  zero. 

The  solution  of  these  diffusion-reaction  (solid-solid)  and 
diffusion-convection-reaction  (solid-gas)  equations  presents  a  real 
challenge.  The  difficulties  associated  with  the  numerical  solution  of  SHS 
problems  are  due  to  the  occurrence  of  a  very  thin  reaction  zone  or 
propagating  front.  An  accurate  simulation  will  require  the  resolution  of 
this  boundary  layer  where  very  high  temperature  and  concentration  gradients 
are  present  [10].  Discretization  therefore  will  generally  result  in  a  large 
set  of  algebraic  equations.  The  size  of  this  set  can  be  reduced  by  the  use 
of  an  adaptive  mesh  [11]. 

Some  results  of  the  numerical  simulation  of  SHS  operations  based  on 
the  above  model  are  presented  in  Figs.  1  to  3. 
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A  typical  one  dimensional  simulation  of  reaction  front  propagation 
in  a  solid-solid  system  is  shown  in  Fig.  1.  The  system  considered  has  an 
activation  energy  E  ■  60,000  cal/mol  and  a  heat  of  reaction  (-AH)  =  170 
cal/g.  The  initial  temperature  Tq  is  720K  (preheated  system)  and  the 
adiabatic  temperature  rise  is  1280K.  Temperature  profiles  at  different 

times  after  ignition  are  shown.  As  can  be  seen,  this  system  exhibits 
oscillatory  combustion  with  peak  temperatures  higher  than  the  adiabatic 
temperature  (12].  The  inverted  triangles  correspond  to  the  adaptively 
placed  positions  of  the  moving  mesh  points  used  in  the  calculations. 

The  above  system  was  also  studied  in  two  dimensions  since  a  planar 
front  can  be  unstable  to  perturbations  and  become  corrugated.  Isotherms  on 
the  lateral  surface  of  a  thin  annulus  are  presented  in  Figs.  2a ,b.  The 
reaction  front  propagates  in  the  form  of  a  two  head  rotating  wave.  In  Fig. 

2b,  the  two  heads  a  and  b  are  shown  after  almost  a  full  rotation.  The 
maximum  temperature  in  the  hot  spots  is  2600K  and  this  is  higher  than  the 
highest  temperature  observed  in  the  one  dimensional  calculations  (Tmax= 
2250K). 

The  mesh  point  distribution,  used  in  the  simulation  of  the  front 
propagation  shown  in  Figs.  2a  and  2b,  is  shown  in  Figs.  2c  and  2d, 
respectively.  Grid  points  concentrate  around  the  two  rotating  heads  where 
the  steepest  temperature  and  mass  gradients  occur. 

Results  of  simulation  for  a  gas-solid  system  characterized  by  p  = 
0.1,  F.  =  11,000  cal/mol,  (-AH)  =  210  cal/g,  AT^  j  ~  1110  K  and  being 
operated  under  very  high  pressure  (s  1000  atm)  are  shown  in  Figs.  3a  and  lb 
for  temperature  and  gas  density  respectively. 
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Figure  captions 


t  ID  solid-solid  oscillatory  combustion. 

Temperature  profiles  at  four  different  times 

l  2D  solid-solid  spinning  combustion, 

a,  b.  Isotherms  at  two  different  times, 
c,  d.  Adaptive  grid. 

Cas-solid  oscillatory  combustion. 

a.  Temperature  profiles  at  four  different  times 

b.  Density  profiles  at  four  different  times. 
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Abstract 


It  is  generally  assumed  in  this  work,  as  elsewhere,  that  the  diffusion  coefficient  has 
an  Arrhenius  temperature  dependence  which  allows  a  combustion  wave  propagated  by 
thermal  conduction,  to  develop  similar  to  more  conventional  combustion  systems.  It  is 
found  that  for  realistic  systems  the  problem  must  involve  a  three  length  scale  analysis. 
Similar  to  the  classic  theory  on  premixed,  gas-phase  flames,  the  largest  scale  is  identified 
with  thermal  conduction  and  a  “reaction  zone”  scale  proportional  to  the  inverse  of  the 
diffusion  activation  energy  is  associated  with  a  small  length  over  which  significant  diffusion 
is  possible.  Unlike  classic  flame  theory  a  still  smaller  scale  is  identified  with  the  length 
over  which  diffusion  takes  place  (i.e.,  the  size  of  a  typical  domain  of  alloyable  constituent). 
The  flame  speed  is  derived  for  a  geometric  configuration  similar  to  a  sandwich  for  a  binary 
system  using  a  singular  perturbation  analysis.  The  constituents  are  arrayed  in  alternating 
lamina  stacked  perpendicular  to  the  flame  propagation  direction.  We  find  that  the  flame 
speed  is  proportional  to  the  inverse  fo  the  lamina  thickness.  This  is  the  same  as  would  be 
predicted  by  the  “parabolic”  law,  often  used  to  explain  experimental  data. 


"This  work  supported  by  the  U.S.  Department  of  Energy,  DOE,  under  Contract  DE-AC04- 
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Introduction 

This  paper  is  principally  concerned  with  the  flame  propagation  induced  by  the  exother¬ 
mic  interdiffusion  of  two  substances  (usually  metals).  Systems  of  this  class  are  potentially 
important  to  the  production  of  high  quality  ceramics  and  belong  to  the  larger  topic  of 
combustion  synthesis.  In  classical  premixed,  gas-phase  flame  theory  an  activation  energy 
barrier  prevents  the  cold  gas  from  burning  until  a  self- propagating  thermal  wave  unleashes 
the  exothermic  chemistry.  In  this  case,  a  fine  powder  mixture  of  exothermically  alloyable 
substances  interdiffuse,  releasing  heat,  in  a  thin  flame  zone  that  propagates  at  a  speed 
determined  by  the  mechanics  of  the  interdiffusion  process.  An  activation  energy  barrier 
to  interdiffusion  keeps  the  differentiated  particles  of  alloyable  material  distinct  until  the 
thermal  wave  raises  the  temperature  to  the  point  that  interdiffusion  can  occur  and  con¬ 
tribute  to  its  propagation.  Though  both  of  these  systems  can  have  aspects  of  diffusion 
and  reaction,  the  gas  flame  derives  its  propagation  mechanism  from  exothermic,  locally- 
homogeneous  chemical  reaction,  while  the  alloying  reaction  relies  on  mixing  one  constituent 
with  another. 

This  phenomenon  has  been  of  intense  interest  in  the  Soviet  Union  for  many  years  and 
is  recently  of  greater  concern  in  the  West.  Ceramics  have  desirable  properties  for  use  in 
combustion  machinery,  such  as  turbine  blades  in  jet  engines.  However  they  are  notoriously 
difficult  to  reform  (by  grinding,  etc.)  and  thus  it  would  be  of  considerable  use  to  form  the 
shape  of  the  desired  product  first  and  then  undergo  a  combustion  process  to  the  desired 
ceramic  in  situ1.  The  final  strength  and  other  properties  are  dependent  on  the  details 
of  the  interdiffusion  process  during  the  time  that  the  flame  passes2.  The  flame  thickness 
typical  to  alloying  reactions  is  no  larger  than  those  found  in  gas  flames  and  the  materials 
participating  in  the  flame  do  not  lend  themselves  to  sophisticated  diagnostics  such  as  lasers 
and  thus  theoretical  investigations  are  indispensable. 

There  are  a  number  of  investigations  that  treat  the  powder  media  in  a  “mesoscopic” 
fashion  deriving  global  behavior  of  the  rate  of  conversion  mechanics  of  reactants  by  simpli¬ 
fying  the  microscopic  geometry  of  the  powder.3,4.  Aldushm  and  coworkers6,  on  the  other 
Band,  have  studied  the  “flat  particle”  problem  in  which  the  geometry  of  the  alloying  sys¬ 
tem  is  idealized.  Their  model  consists  of  assuming  that  the  powdered  media  is  equivalent 
to  alternating  laminae  of  alloyable  material.  This  simplification  allows  the  analytic  cal¬ 
culation  of  a  flame  speed  while  keeping  all  of  the  microscopic  detail  of  the  interdiffusing 
laminae.  This  is  the  type  of  theory  most  closely  associated  with  the  work  to  be  presented 
here.  Aldushin’s  theory  and  others  with  less  clearly  defined  microscopic-physical  underpin¬ 
nings  have  been  used  in  models  for  gauging  the  stability  of  alloying  systems,  in  filtration 
combustion  and  examination  of  the  so-called  “burn  out”  phenomenon. 

Oscillatory  instabilities  are  often  observed  in  experiment^1)  because  the  length  of  ther¬ 
mal  interaction  (which  defines  the  size  of  the  instability)  is  much  larger  than  more  common 
systems  involving  solids  ( e.g .  solid  propellants6,7).  Margolis  and  coworkers8  have  extended 
stability  analyses  to  get  bifurcation  results  that  give  a  good  geometric  description  of  these 
instabilities. 

Filtration  combustion9  involves  percolation  of  a  reactive  gas  to  the  flame  zone  where 
it  reacts  with  the  solid  powder  to  yield  a  useful  material  (e.g.  titanium  nitride  can  be 
formed  in  this  way).  Models  for  this  system  generally  consist  of  an  overall  reaction  rate 
and  a  detailed  accounting  for  the  gas  percolation  to  the  reaction  zone. 
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The  “burn  out”  (an  unfortunate  translation  of  a  Soviet-coined  term  which  tends  to 
connote  the  opposite  of  its  meaning)  phenomenon  refers  to  the  general  characteristic  ex¬ 
hibited  by  these  systems  that  after  the  thin  flame  zone  has  passed  a  residual  quantity  of 
material  continues  to  react  long  after.  This  has  been  modeled  by  using  an  exponential 
inhibition  to  the  phenomenological  relation  for  the  reaction  rate10. 

The  purpose  of  this  paper  is  to  look  at  idealized  situations  and  attempt  to  relate  the 
global  flame  speed  to  the  physical  and  chemical  configuration  of  the  alloyable  constituents. 
Rather  than  use  some  of  the  well  known  phenomenological  constitutive  relations  we  seek 
an  exact  understanding  of  the  microscopic  structure  for  idealized  model  systems  that  could 
in  principle  exist  and  are,  in  at  least  one  instance,  similar  to  systems  in  commercial  uBe. 
For  instance  the  model  developed  in  the  next  section  will  consider  layers  of  two  alloyable 
constituents  stacked  perpendicular  to  the  flame  propagation  direction  (the  seams  parallel 
to  the  flame  propagation).  A  cylindrical  version  of  this  ideal  already  exiBt6  in  the  form  of 
PyrofuzeTAf,  used  for  timing  and  electrical  fuses.  It  consists  of  an  aluminum  wire  codrawn 
with  a  palladium  tube  to  form  a  wire-sandwich  that  supports  a  combustion  wave  and  has 
the  desirable  property  of  highly  reproducible  flame  velocity  and  heat  release  in  the  presence 
or  absence  of  oxygen  (it  burns  nicely  underwater). 

Theory 

The  following  analysis  proceeds  in  ways  similar  to  premixed,  gas-phase,  activation- 
energy  asymptotics  but  the  physics  of  the  combustion  process  is  very  different.  In  classical 
flame  theory  a  locally  homogeneous  reaction  is  activated  by  the  temperature  approaching 
close  to  the  flame  temperature,  where  “close”  is  gauged  by  the  inverse  activation  energy. 
Here  we  expect  that  the  diffusion  processes  will  be  activated  in  the  same  fashion,  however 
diffusion,  by  its  very  nature,  cannot  occur  homogeneously  but  must  have  another  length 
associated  with  it. 

Here  two  constituents  will  be  considered,  labeled  “A”  and  “B”,  which  will  codiffuse  re- 
leasing  heat  simply  by  virtue  of  mixing  on  the  molecular  scale.  Typically  the  Lewis  number 
for  these  systems  is  extremely  large  (  >  103  is  common  at  the  flame  temperature11^5)),  even 
compared  with  more  common  condensed- phase  systems  like  propellants.  This  i6  due  to 
the  fact  that  the  reactants  are  often  metals  with  a  much  larger  thermal  conductivity  than 
organic  constituents  of  propellants.  Though  often  the  Lewis  number  is  considered  infinite 
in  condensed  phase  reactions  in  propellant  systems12,  here  mass  transport  is  the  only  ve¬ 
hicle  for  heat  release  and  thus  we  require  the  characteristic  dimension  over  which  diffusion 
will  occur  to  be  very  small  compared  to  thermal  transport  dimensions.  In  addition,  the 
Lewis  number  is  so  small  even  at  the  flame  temperature  that,  to  a  good  approximation,  this 
diffusion  distance  will  be  much  smaller  than  the  flame  thickness.  As  we  shall  see,  this  thick¬ 
ness  is  characterized  by  an  inverse  Zeldovich  number,  not  due  to  an  homogeneous- reaction 
activation  energy,  but  from  an  activation  energy  with  lattice  or  viscous  diffusion^11). 

We  assume  that  “A”  and  “B”  form  a  solution  and  that  all  compositions  are  traversed 
in  the  progress  of  “reaction”  from  domains  of  pure  “A”  and  pure  “B”  to  a  homogeneous 
50-50  mixture  (see  Conclusion).  This  situation  is  physically  most  like  a  system  that  ei¬ 
ther  never  melts  (forms  a  solid  solution)  or  where  all  constituents  melt  (forms  a  liquid 
solution).  Anselmi-Tamburini  and  Munir13  have  reported  on  experiments  that  bear  out 
these  assumptions:  alternating  lamina  of  Ni  and  AI  stacked  perpendicular  to  the  flame 
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direction  (similar  to  Fig.  2),  apparently  burn  as  a  flame  only  after  both  constituents  melt. 
In  addition,  it  is  assumed  that  the  thermal  diffusivity  and  mass  diffusivity  are  composition 
independent  and  that  thermal  diffusivity  is  independent  of  temperature  as  well.  It  is  clear 
however,  that  the  mass  diffusivity  must  be  temperature  dependent.  Moreover,  it  is  also 
assumed  that  there  is  no  substantial  volume  change  with  composition. 

Choosing  C  as  the  mass  concentration  of  “A”,  the  general  diffusion  equation  translating 
in  the  negative  x  direction  at  a  velocity  u  can  be  written: 

=  0  (1, 

Since  there  is  no  volume  dependence  on  concentration,  the  presence  of  “A”  indicates  the 
absence  of  “B”  and  the  concentration  of  “B”  is  Co  —  C ,  where  Co  is  the  concentration 
of  pure  “A”.  The  volumetric  heat  generation  rate  can  be  obtained  from  the  enthalpy  as 
a  function  of  composition  which  must  have  a  maximum  somewhere  between  C  =  0  and 
C  =  Co-  The  enthalpy  of  the  system  is  presumed  of  the  form: 

H  =  pc{f  -  f0)  -  A (C)  +  H0  (2) 


The  volumetric  heat  generation  due  to  interdiffusion  can  be  written: 

9{-n)  I  aA(C) 
at  If  “  at 


(3) 


H  is  the  enthalpy  of  the  system,  assumed  to  be  only  a  function  of  composition  at  constant 
temperature,  and  A  is  the  negative  of  this,  the  heat  release. 

The  thermal  transport  equation  may  be  written  down: 


cp 


or  .at 
_  +  „__Av’r 


) 


dA(C) 

at 


_0A  (C) 
+  u  dx 


(4) 


where  T  is  the  temperature  and  A  is  the  thermal  diffusivity.  c  is  the  heat  capacity  (assumed 
constant)  and  p  is  the  density.  A  constant  flame  speed  u  can  be  anticipated  and  the 
concentration,  C  can  be  normalized  by  jCo-  In  addition,  the  spatial  coordinates  are 
nondimensionalized  by  the  thermal  length  (A/u)  and  ti me  by  the  thermal  time  (A/ti2) 
while  the  temperature  is  normalized  by  the  flame  temperature  and  mass  concentration  is 
normalized  by  its  maximum  (see  the  List  of  Symbols  and  Figure  1): 


ac  ac  , 

_r  +  _-v.ie-,vc  =  ° 


dT  dT 

at  dx 


_  /  £  £  \ 
\  dt  +  dx  j 


A(C) 


(5) 

(6) 


C  —  1  is  the  state  at  which  everything  has  completely  interdiffused  or  equivalently:  totally 
reacted.  (The  term  “interdiffusion”  and  reaction  are  for  the  purposes  of  this  paper  semantic 


4 


equivalents.  Since  1  —  jl  —  C\  is  a  tacit  measure  of  the  extent  of  reaction,  A (C)  can  be 
considered  to  be  the  total  heat  released  at  the  present  extent  of  reaction. 

It  is  expected  that  the  Lewis  number,  Le  =  X/D  will  exhibit  an  Arrhenius  dependence 
and  will  be  defined  here  as: 

Le~l  =  A  exp  |  —-S-z 
\  RT 


Le0' =  Aexp(^--j^J  (8) 

where  Leg  1  is  the  maximum  that  Xe_1  attains  at  the  flame  temperature.  In  the  next 
section  we  will  seek  a  steady  state  so  that  the  time  dependence  in  Equations  (5)  and  (6) 
can  be  neglected,  however  in  the  later  sections  it  will  be  necessary  to  include  the  time 
dependence. 


Lamina  Stacked  Perpendicular  to  the  Flame  Direction 


For  this  situation  the  diffusion  direction  is  perpendicular  to  the  flame  direction  which 
demands  a  truly  two  dimensional  model,  though  a  steady  solution  can  be  expected.  Note 
that  an  outwardly  similar  system  consisting  of  striations  of  gaseous  components  that  in- 
terdiffuse  and  undergo  a  locally  homogeneous,  high-activation  reaction  is  mechanistically 
different  than  the  system  considered  here  (see  Linan  and  Crespo14).  Figure  2  shows  the 
general  scheme  of  the  semi-infinite  lamina  problem  and  serves  as  a  definition  sketch.  The 
diffusion  equation  of  “A”  into  “B”  is: 


dC 

dx 


+  y 


IK 


(9) 


where  x  and  y  are  the  unit  vectors  in  the  x  and  y  direction.  It  should  be  recognized  that, 
by  taking  advantage  of  symmetry,  one-half  of  a  single  “B”  lamina  is  sufficient  to  determine 
the  entire  system  (again  see  Figure  2).  Here  the  boundary  conditions  are  stated  in  terms 
of  limits  far  in  front  of  and  in  back  of  the  flame: 


C  — *  0  as  x  — *  —oo,  y  £  (0,6] 

(10) 

C  —*  1  as  x  — ►  +oc,  y  £  (0,6] 

(ii) 

C  =  1  at  y  =  0,  Vi 

(12) 

Similar  to  Maksimov15  we  choose  the  heat  release  to  be  just  a 

weighted  version  of  the 

extent  of  reaction: 

A(r\-  f(l-To)(2-C),  1<C<2; 

'  J  l(i-r0)c,  o  <  c  <  i 

(13) 

which  is  a  form  simple  enough  for  illustration  while  retaining  the  energy  conservation 
relation:(2A(l)  -  (A(2)  +  A(0)))/2  =  1  -  To,  resulting  from  the  choice  of  T  =  1  to 
represent  the  flame  temperature.  Since  the  heat  is  released  over  a  length  much  smaller 
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than  the  thermal  scale,  it  is  assumed  that  the  y  variation  in  temperature  is  negligible  and 
can  be  replaced  b>  an  average  over  the  y: 


dT  fd\2=_dA(C) 
dx  \dx  J  dx 


(14) 


where  the  overbar  denotes  the  y-direction  average: 


A (C)  =  lim  1/2 L  fL  dyA(C)  =  (1  -  T0)\  t*  C  =  (1  -  T0)C 

L->oo  J_i  0  J 0 

taking  advantage  of  symmetry. 

Anticipating  that  most  of  the  diffusion,  and  hence  heat  generation,  will  occur  where 
Le~l  attains  its  maximum  Le^  1  at  the  flame  temperature,  it  is  posited  that  the  distance 
over  which  diffusion  occurs  is  much  thinner  (call  it  0(e),  to  define  a  scaling  variable)  than 
the  thermal  length.  It  is  necessary  in  order  for  a  flame  to  exist  at  all  that  Le^ 1  ~  62/e, 
that  is,  diffusion  must  occur  appreciably  over  the  thickness  of  the  lamina  in  a  length  of 
time  of  order  e.  From  the  before  mentioned  typical  magnitude  for  Le^ 1  we  expect  6  ■<  e. 
To  obviate  thi6  scaling  we  redefine  the  Lewis  number: 

*7"*  ("^  (?-*))  (,5) 


where  A  is  an  “eigenvalue”  to  be  determined  and  from  which  the  flame  speeed  will  be 
derived.  Since  diffusion  only  exists  in  a  small  e  sized  region,  external  to  this  region  there 
is  an  outer  solution  identical  to  the  classical,  chemical- reaction  flame  results  (locating  the 
flame  at  x=0): 


T  = 


*<0, 
x  >  0, 


To  +  (1  -  To)  exp  (x); 

1. 


(16) 


where  To  is  the  initial  unburned  temperature.  Behind  this  e-sized  flame  front  everything 
is  reacted  and  in  front  of  it  nothing  is  reacted: 


C  = 


x<0,  for  y  G  (0,£],  1  for  y  =  0 
x  >  0,  Vy 


(17) 


For  the  inner  region,  using  the  reasoning  above,  x  should  be  scaled  on  a  length  e: 


x  = 


(18) 


while  diffusion  in  y  occurs  over  its  whole  range  (0,6)  suggesting  the  new  scaling: 

y  =  6*1 


(19) 


Choosing: 


(20) 
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and 

T=l-  e0 

the  equations  for  the  inner  region  can  be  written  down: 

1 QC  r.lfl  .  .lfi,  .P  (-e)fA  d 

e 

2 


i  au  tA  d  .19,  k62  (Je\rA  d  .19,^  „ 

7  9{ -{x79£  +  WATe<  ){x7a{+Wc  =  0 


d6 

dt  + 


Remembering  that  6<<e,  choose  the  coordinate  transformation: 

t 


-i: 


<££  e 


-m 


(21) 

(22) 

(23) 

(24) 


Keeping  the  lowest  order  terms,  Equations  (22)  and  (23)  can  be  solved  using  fourier  series 
and  the  conditions  of  Equation  (17).  Recasting  in  terms  of  T: 


t>?  „  8(x  -  r„) 

9£  =B- 


£ 


1 


.-^(¥)’a 


(25) 


irA  wJ-.fss.y 

ne{l,3,B...}  n  *4  2  ) 

where  £  is  an  arbitrary  constant.  The  boundary  conditions  matching  the  outer  problem: 

(26) 
(27) 


Q  T* 

lim  T  —  0;  lim  —  =  0 

t  — * — oc  (-.-oo  9( 

9J~ 

lim  T  =  lim  —  =  1 

*oo  i— »oo  (/£ 


Using  the  first  boundary  condition  to  define  B  and  the  second  to  find  the  eigenvalue,  the 
flame  speed  in  dimensional  terms  is  given  by: 


u2  =  3- 


.4  exp 


(28) 


Similar  to  Aldushin^5),  we  obtain  the  “parabolic  law”  and  the  interesting  result  that  the 
activation  energy  for  diffusion  appears  in  the  same  role  as  a  chemical  reaction  activation 
energy  would.  For  this  reason  the  “constitutive '  relationship  between  a  so-called  “reaction” 
rate  and  a  process  involving  pure  diffusion  can  become  blurred.  By  choosing  a  parabolic 
definition  for  A(C)  (not  related  to  the  “parabolic”  law):  A(C)  =  (l  —  (1  -  C )z)  (1  —  To) 
one  obtains  exactly  twice  the  right  hand  side  of  the  above  and  consequently  an  increase  in 
the  flame  speed  by  a  factor  of  \/2  (see  Figure  1). 

Conclusion 
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In  this  paper  the  fundamental  properties  of  mass  diffusion,  thermal  conduction  and 
geometric  configuration  have  been  related  to  the  dynamics  of  alloying  reactions.  The  flame 
speeds  for  lamina  arranged  perpendicular  to  the  propagation  direction  of  the  flame  were 
calculated  for  two  different  heat  release  parameters  A(C).  It  was  assumed  that  the  two 
constituents  formed  a  solid  or  liquid  solution  and  that  heat  release  was  an  artifact  of 
mixing  caused  by  an  Arrhenius-dependent  interdiffusion.  It  is  notable  that  Aldushint5) 
derived  a  flame  speed  identical  in  form  to  that  of  the  case  of  the  model  considered  here. 
His  model  is  geometrically  the  same  as  this  one,  however  the  interdiffusion  took  place 
through  a  growing  layer  of  reaction  products,  using  the  so-called  “parabolic  law”  and  “flat 
particle”  assumptions.  It  is  significant  that  the  results  here  are  in  agreement  with  models 
employing  parabolic  law  by  virtue  of  the  fact  that  flame  speeds  generated  from  such  models 
are  generally  successful  at  correlating  data^. 

Thus  there  is  strong  reason  to  believe  that  the  flame  speeds  of  this  work  can  be  applied 
to  systems  that  do  not  strictly  form  solutions.  A  parallel  analogue  of  the  perpendicular 
model,  in  which  the  lamina  are  stacked  along  the  flame  direction,  given  here  has  also 
been  done.  Not  surprisingly,  the  flame  speed  is  identical  to  that  of  this  paper.  This  is 
true  because  the  length-scale  over  which  diffusion  occurs  is  much  smaller  than  the  width 
of  the  flame  “reaction”  zone  (i.e.  heat  release  zone).  The  lamina  influence  only  their 
nearest  neighbors  and  the  length  over  which  temperature,  and  hence  diffusivity,  increase 
is  so  broad  as  to  appear  homogeneous. 

In  the  case  studied  here  the  flame  speed  is  inversely  proportional  to  the  square  root 
of  the  time  for  mass  diffusion  multiplied  by  the  thermal  diffusivity.  The  time  for  mass 
diffusion  is  identified  with  Lewis  number,  evaluated  at  the  flame  temperature  times  thermal 
diffusivity  divided  by  the  distance  over  which  diffusion  has  to  occur  (6).  This  diffusion 
time  effectively  takes  the  place  of  the  reaction  time  in  the  standard  asymptotic  result  for 
premixed,  gas-phase  flames. 

In  addition  to  predictions  of  flame  speed  behavior,  the  results  suggest  that  the  parti¬ 
cles  making  up  a  powder  must  necessarily  have  a  size  much  less  than  the  inverse  of  the 
normalized  activation  energy  in  order  to  develop  a  single  thin  flame: 

6  <  <■  (29) 


Also  a  mechanistic  requirement  demands  that  significant  mass  diffusion  must  occur  over 
the  width  of  the  flame: 

7  ~  W  (30) 

This  paper  has  centered  on  flames  that  result  in  100%  conversion  within  the  flame 
zone.  Other  cases  exist  where  some  of  the  particles  are  larger  than  can  be  admitted  by 
external  boundary  conditions.  Consider  the  above  equation  rewritten: 


or  rearranging: 


TJ5  ie° 

(31) 

«  ~  J\ILe 0 

(32) 
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which  implies: 


(33) 


6e 

€  ~ 

where  e  =  eX/u  is  the  dimensional  flame  thickness.  All  of  the  above  equations  differ  by  only 
an  order  1  factor  from  the  flame  speed  relation  (Equation  (28)).  As  the  physical  thickness 
of  the  lamina  (£)  grows  while  all  other  parameters  are  held  constant,  the  flame  velocity 
(u)  decreases  keeping  6,  the  nondimensional  thickness,  constant.  Also  the  flame  thickness 
increases  along  with  6  such  that  j  <  e  remains  true  no  matter  how  large  6  becomes. 
However  there  is  a  circumstance  where  X/u.  the  thermal  induction  length  of  the  flame,  be¬ 
comes  larger  than  a  significant  dimension  of  the  container  in  which  the  combustion  occurs. 
This  may  correspond  to  a  case  (  observed  experimentally16)  where  the  powder  cannot  sup¬ 
port  a  propagating  flame  but  can  be  made  to  undergo  a  homogeneous  explosion.  Another 
possibility  that  this  circumstance  suggests  is  a  mixture  of  the  two  sizes:  some  particles 
meeting  conditions  for  flame  propagation  (Equation  (30))  and  some  meeting  the  proposed 
thermal  explosion  condition.  This  may  result  in  the  “burn  out”  or  “after  burning”  condi¬ 
tion,  where  an  initial  flame  passes  through  the  powder  igniting  a  homogeneous  explosion 
subsequently^1).  The  current  research  on  the  “burn  out”  phenomenon  is  phenomenological 
in  nature  and  is  usually  characterized  with  an  exponential  decay  in  extent  of  reaction  for 
an  overall  expression  representing  the  interdiffusion  rate. 

The  principal  original  result  of  this  work  is  to  show  that  Arrhenius-dependent,  diffusion-1 
controlled  processes  produce  a  flame  speed  in  which  the  activation  energy  for  mass  diffu¬ 
sion  plays  a  role  similar  to  that  of  the  chemical-reaction  in  premixed,  gas-phase  flames. 
Moreover  this  remains  true  to  within  a  numerical  factor  for  a  several  radically  different 
configurations.  The  most  likely  future  extension  to  this  paper  would  be  to  investigate  and 
characterize  this  “burn  out”  phenomenon. 


UK 
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A  . 
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. Arrhenius  prefactor  defined  in  (7) 

. nondimensional  concentration  (C/Co) 

. concentration  [=]  g/cm3 

. concentration  of  pure  “A”  [=]  g/cm3 

. heat  capacity  [=]  cal/g 

. mass  diffusivity  [=]  cm2 /sec 

. activation  energy  for  mass  diffusion  [=]  cal 

. convenient  time-like  coordinate  defined  in  (24) 

.  enthalpy  of  reaction  [=]  cal/cm3 

.  Lewis  number,  ratio  of  thermal  diffusivity  to  mass  diffusivity,  A/Z? 

. Lewis  number  evaluated  at  the  flame  temperature 

. gas  constant  [=]  atm  cm3  /  gmol  k 

. nondimensional  temperature:  T/Tf 

.  nondimensional  initial  unbumed  temperature:  To/Tf 

. temperature  [=]  deg  K 

. flame  temperature 

. initial  unburned  temperature 

. nondimensional  time 

.  time  [=]  6ec 

.  flame  speed  [=]  cm/ sec 

. x  coordinate  x  =  M 

. x  coordinate  [=]  cm 

. unit  vector  in  the  x  direction 

. y  coordinate  y  = 

. y  coordinate  [=]  cm 

. unit  vector  in  the  y  direction 

. length  scale  of  diffusion  8  =  y 

. nondimensional  heat  release,  A  =  4 

'  pc 

. heat  release  [=]  cal/cm3 

. scaling  factor  for  the  reaction  zone  e  =  —£■ 

scaled  diffusion  distance  in  the  y  direction  defined  by  Equation  (19) 

. temperature  perturbation  in  the  flame  zone 

. flame  speed  eigenvalue 

. thermal  diffusivity  (=]  cm2/sec 

. scaled  reaction  zone  thickness  in  the  x  direction  x  = 

. density  of  the  burning  media  [=]  g/cm3 

. standard  deviation  of  1  —  C  in  the  random  media 
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Figure  Captions 

Figure  1:  Gives  the  nondimensional  heat  release  versus  the  nondimensional  concen¬ 
tration.  The  initial  state  is  considered  to  be  made  of  equal  quantities  of  C  =  0  (pure  “B”) 
and  C  =  2  (pure  “A”)  while  C  =  1  is  the  completely  interdiffused  or  reacted  state.  Shown 
here  are  the  two  heat  release  functions  use  in  this  paper.  Note  that  the  heat  release  is 
always  larger  for  the  parabolic  case  and  that  it  always  yields  a  faster  flame  speed  (Equation 
(28)). 

Figure  2:  Shows  a  series  of  laminae  stacked  in  the  y  direction  (perpendicular  to 
the  flame  direction)  for  Section  ( i )  and  the  three  different  length  scales  under  which  the 
analysis  proceeds.  The  diffusion  coefficient  is  assumed  to  have  an  Arrhenius  temperature 
dependence  and  requires  a  temperature  sufficiently  close  to  the  flame  temperature  for  the 
interdiffusion  of  the  lamina  to  proceed. 

At  the  top  of  the  drawing  is  the  domain  of  thermal  variation  where  all  conversion  of 
reactants  to  products  occurs  on  a  much  smaller  length  scale.  Here  the  flame  is  considered  an 
infinitesimally  thin  heat  source  and  proceeds  from  left  to  right.  To  the  right  (+*  direction) 
everything  is  reacted  (interdiffused)  and  to  the  left  (— *  direction)  the  temperature  has  not 
yet  reached  a  point  where  significant  diffusion  is  possible. 

The  middle  of  the  drawing  depicts  the  size  over  which  conversion  of  reactants  (“A” 
and  “B”)  to  products  (“AB”)  occurs.  At  this  6cale  (a  t  ~  inverse  activation  energy 
for  diffusion)  the  temperature  is  sufficiently  close  to  the  flame  temperature  to  activate 
diffusion.  Yet,  to  be  consistent  with  physically  realistic  diffusion  coefficients,  diffusion 
itself  must  occur  over  considerably  smaller  distances. 

The  bottom  of  the  drawing  depicts  plots  of  the  concentration  at  three  different  positions 
in  the  reaction  zone  scaled  by  a  quarter  thickness  of  the  laminae  (=  6).  On  the  left  is  the 
initial  condition:  a  square  wave  in  the  y  direction.  In  the  middle  is  a  partially  reacted 
(interdiffused)  example  taken  from  the  the  center  of  the  reaction  zone.  On  the  right  is 
a  completely  reacted  example  taken  from  the  left  boundary  of  the  reaction  zone.  The 
dashed  lines  give  the  boundaries  for  the  diffusion  analysis  in  Section  (i),  taking  advantage 
of  symmetry  inherent  in  the  initial  condition. 
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ABSTRACT 

The  combustion  reaction  between  Ni  and  A1  was  studied  using  sandwiches  of 
thin  foils  (125  and  12.5  /im  thick)  instead  of  powders.  The  temperature  of 
ignition,  combustion  and  the  combustion  rate  were  determined  for  compositions 
corresponding  to  the  four  intermetall ic  compounds  present  in  this  system.  The 
phase  evolution  was  studied  on  quenched  samples.  Combustion  was  found  to  take 
place  after  melting  of  both  metals.  Dissolution  of  solid  Ni  in  melted  A1  was 
'found  to  be  the  main  process  ahead  of  the  reaction  front.  The  advantage  of 
using  simple  starting  geometry  in  the  study  of  combustion  reaction  is  shown. 
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Introduction 


The  study  of  combustion  synthesis  of  refractory  materials  has  focused  on 
the  reactivity  of  fine  powders  [1].  Because  of  their  technological  importance, 
powders  allow  easy  control  of  some  macroscopic  parameters  of  reactants  and 
offers  the  possibility  of  obtaining  high  contact  surface  between  the  reacting 
phases.  But  their  microstructural  nature  complicates  investigations  on  the 
basic  steps  of  combustion  synthesis  and  the  lack  of  a  well-defined  starting 
geometry  makes  it  difficult  to  develop  reliable  theoretical  models. 

Hardt  and  Phung  [2]  first  proposed  the  use  of  thin  foils  instead  of 
powders  for  the  study  of  gasless  combustion  and  applied  it  to  the  system  Pd-Al. 
More  recently,  Vadchenco  et  al .  [3]  used  wires  of  Ti  coated  with  Ni  which  were 
ignited  by  passing  an  electrical  current  through  them.  The  present  work  was 
formulated  to  explore  the  possibilities  offered  by  a  different  approach  to  the 
gasless  combustion  processes  through  the  use  of  sandwiches  of  thin  foils  in  the 
system  Ni-Al . 

The  combustion  reaction  between  powders  of  nickel  and  aluminum  was  the 
object  of  several  studies  in  the  last  20  years  [4-7].  All  four  intermettal ic 
compounds  (AlNi^,  Al Ni ,  Al-jN^,  and  Al^Ni)  have  been  synthesized  in  this  way. 
The  influence  of  the  particle  size  of  reactants,  porosity,  sample  size,  and 
composition  on  the  macroscopic  features  of  the  combustion  process  and  on  the 
microstructure  of  the  product  was  investigated.  Some  significant  insight  on 
the  reaction  mechanism  was  also  provided  by  studies  of  reactive  sintering  and 
combustion  synthesis  using  the  thermal  explosion  method  [8,9]. 
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Experimental 

In  contrast  to  powders,  the  reaction  between  foils  of  Ni  and  A1  is  not 
self-sustaining  due  to  the  high  thermal  conductivity  of  the  foils.  A  method, 
often  referred  to  as  the  "chemical  oven,"  was  used  in  this  work  to  initiate  a 
self-propagating  reaction  in  the  laminated  foils.  Foil  ensembles  are  embedded 
vertically  in  a  pellet  of  Ni  and  A1  powders  (the  chemical  oven)  with  1:1  molar 
ratio,  as  shown  in  Figure  i(a).  The  relative  porosity  of  the  chemical  oven  was 
approximately  35%.  The  reaction  was  started  at  the  top  using  a  tungsten  coil 
and  an  igniter.  The  igniter  was  used  to  obtain  a  flat  combustion  front  in  the 
pellet.  The  sandwich  was  made  using  high  purity  sheets  of  Ni  and  Al .  Ni  foils 
of  two  different  thicknesses  (125  and  12.5  ^m)  were  utilized. 

To  obtain  information  about  the  phase  evolution  at  the  reaction  front,  the 
combustion  reaction  in  foils  was  sometimes  stopped  before  completion.  In  this 
experiment,  the  setup  was  modified  as  shown  in  Figure  1(b).  A  pellet  of  inert 
material  (Al 2°3)  was  Placed  at  the  bottom  of  the  chemical  oven,  and  the 
sandwich  extended  through  the  pellet.  In  some  cases,  the  sample  was  quenched 
in  water  immediately  after  the  end  of  the  reaction.  The  cooling  time  was  2-3 
minutes  for  naturally  cooled  and  10-15  seconds  for  quenched  samples.  All 
experiments  were  performed  in  a  cylindrical  metallic  vessel  filled  with  argon 
gas  at  one  atmosphere  pressure.  The  combustion  temperature  was  measured  using 
a  two  color  pyrometer  and,  in  a  few  cases,  by  a  75  m m  thick  W5%Re-W26%Re 
thermocouple.  In  the  latter  case,  the  thermocouple  was  connected  to  one  of  the 
Ni  {  ,s  inside  the  sandwich.  The  combustion  rate  was  evaluated  using  a  video 
recorder.  The  products  of  combustion  were  characterized  using  X-ray 
diffraction,  optical  microscopy,  scanning  electron  microscopy,  and  microprobe 
analysis. 
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A  delay  of  a  few  seconds  induction  period  between  the  arrival  of  the  wave 
in  the  chemical  oven  to  the  top  of  the  foils  and  the  initiation  of  a  reaction 
in  the  foils  was  observed.  Once  the  reaction  in  the  foils  began,  it  propagated 
rapidly  through  the  sandwich,  leaving  behind  a  melted  product.  Although  the 
extent  of  the  induction  period  appeared  to  be  related  to  the  thickness  of  the 
foils  and  the  sandwich,  no  quantitative  evaluation  of  this  parameter  was  made. 

X-ray  diffraction  showed  that  the  combustion  of  foil  sandwich  with 
starting  compositions  Al+3Ni,  3A1+2N1  led  to  the  formation  of  single-phased 
products.  In  contrast,  when  samples  with  composition  3A1+Ni  were  combusted, 
the  product  showed  the  presence  of  two  phases  (Al^Ni  and  Al^Ni^).  A  similar 
result  for  the  combustion  of  powders  was  reported  by  Naiborodenko,  et  al .  [7]. 

Figure  2  shows  the  ignition  temperature  for  the  foil  sandwich  for 
compositions  corresponding  to  the  four  intermetall ic  compounds  present  in  the 
phase  diagram  [10].  The  temperature  appears  to  be  constant  and  coincide  with 
the  melting  temperature  of  Ni.  Tnis  implies  that,  at  least  under  these 
experimental  conditions,  the  combustion  reaction  propogates  only  after  the 
melting  of  both  metals. 

Some  interesting  insight  on  the  mechanism  of  the  combustion  process  was 
obtained  when  the  reaction  was  stopped  before  completion,  as  discussed  earlier. 

Figure  3  shows  the  typical  morphology  of  one  of  these  samples,  with  the 
combustion  product  at  the  top  and  the  partially  unreacted  part  of  the  sandwich 
at  the  bottom.  The  light  regions  correspond  to  the  remnants  of  the  nickel 
foils.  Between  them  is  a  complex  microstructure  which  i:  the  result  of  the 
cystall ization  of  an  aluminum  rich  liquid  alloy.  The  sample  reproduced  in  the 
picture  had  a  starting  composition  close  to  50  at%  Ni.  Samples  with  higher  Ni 


content  (e.g.  75%  at%)  had  a  markedly  different  microstructure.  In  fact,  such 
showed  features  resembling  the  intermixing  pattern  of  two  liquids  [11].  The 
final  product,  AlNi^,  formed  at  a  considerable  distance  behind  the  reaction 
front.  These  features  suggest  that  the  kinetic  of  the  process  of  intermixing 
of  the  two  melted  metals  plays  a  key  role  in  the  overall  combustion  process.  As 
Figure  4  indicates,  a  steady  decrease  in  the  velocity  of  combustion  in  foils 
can  be  found  when  the  amount  of  nickel  in  the  starting  sandwich  is  increased. 

Due  to  the  Vw  melting  point  of  A1  and  to  the  high  heating  rate,  the  main 
process  ahead  of  the  reaction  front  is  an  interaction  between  liquid  aluminum 
and  solid  Ni.  A  considerable  amount  of  Ni  had  reacted  with  liquid  aluminum  in 
this  region.  The  thickness  of  Ni  foils  decreases  by  about  10-20%  and  the 
concentration  of  Ni  in  the  liquid  alloy  can  reach  25  at%.  During  cooling,  this 
alloy  crystallizes  and  produces  the  observed  characteristic  microstructure. 
Figure  5  is  an  example  of  the  microstructure  of  the  region  ahead  of  the  wave  in 
a  naturally  cooled  sample.  Four  phases  can  be  identified:  Ni,  A1 3Ni ,  A1 3Ni 2 
and  an  Al-rich  eutectic.  The  nickel  content  decreases  with  distance  from  the 
center  of  the  Ni  layer.  This  morphology  is  homogenous  along  all  the  unreacted 
part  of  the  sandwich.  Only  In  the  area  very  close  to  the  reaction  front  is 
there  a  rapid  decrease  of  thickness  of  Ni  foils.  Their  disappearance  coincides 
with  the  reaction  front  and  the  formation  of  the  final  product. 
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Figure  Captions 


Fig.  1  Schematic  representation  of  the  experimental  set-up. 

Fig.  2  The  dependence  of  the  ignition  temperature  on  composition  of  the 

foil  sandwich.  (The  four  points  correspond  to  the  compounds  Al^Ni, 
A13N12,  A1N1,  and  A1 N1 3 . 

Fig.  3.  Partially  combusted  sandwich  with  an  initial  composition  of  50  at%  Ni 
and  an  Ni  foil  thickness  of  125  /*m  (naturally  cooled). 

Fig.  4  The  effect  of  composition  on  the  combustion  rate  in  foils.  (The  four 
points  correspond  to  the  compounds  AljNi,  AljNig,  AINi,  and 
AlNi3). 

Fig.  5  The  microstructure  of  a  region  in  advance  of  the  reaction  front. 
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ABSTRACT 

We  applied  the  combustion  synthesis  method  to  the  production 
of  some  intermetall ic  compounds  such  as  TiAl ,  NIA1 .  ZrNi ,  CoAl , 
etc.  We  report  the  production  of  NiTi  particularly  in  the 
present  paper  because  NiTi  is  a  very  useful  intermetallic  com¬ 
pound  as  a  shape  memory  and  superelastic  material.  We  produced 
not  only  the  stoichiometric  NiTi  intermetallic  compound  but  also 
nonstoichiometr ic  NiTi  having  various  amounts  of  Ni  content 
(Ni=53wt.%  -  57wt.%).  We  developed  a  manufacturing  process  of 
NiTi  wire,  tube  and  sheet.  This  process  consisted  of  mixing  of 
elemental  powders,  forming  of  mixed  powders  with  a  cold  isostatic 
press  (CIP),  combustion  synthesis,  sintering  with  a  hot  isostatic 
press  (HIP),  and  plastic  working. 

INTRODUCTION 

NiTi  shape  memory  alloy  is  usually  manufactured  at  present 
using  conventional  metallurgical  processes  which  consist  of  melt¬ 
ing,  casting,  hot  forging,  hot  rolling,  and  drawing.  The  disad- 
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vantages  of  the  conventional  method  lie  in  the  gravity  segrega¬ 
tion  of  Ni  and  Ti  during  the  melting  and  casting  process  and  the 
non-uniformity  of  the  chemical  compositions  of  Ni  and  Ti .  These 
cause  variations  in  the  martensitic  transformation  temperature 
and  mechanical  properties.  Powder  metallurgical  processes  were 
tried  to  solve  these  difficulties.  Pre-alloyed  powder  was 
produced  using  inert  gas  atomization  following  the  arc  melting 
process  and  was  consolidated  by  HIP  and  drawn  into  wire.  This 
process  was  successful  but  the  cost  of  the  production  of  the  pre¬ 
alloyed  powder  was  expensive  and  not  yet  commercialized.  Many 
trials  were  conducted  to  produce  the  NiTi  alloy  from  the  elemen¬ 
tal  powder,  but  failed  because  the  oxygen  content  could  not  be 
reduced  and  plastic  working  of  the  product  into  wires  and  sheets 
became  impossible. 

We  made  many  kinds  of  ceramics  such  as  borides,  nitrides, 
carbides  and  silicides  and  several  intermetailic  compounds  such 
as  T1A1 ,  N1A1 ,  ZrNi  and  NiTi,  using  elemental  powders  with  the 
combustion  synthesis  method  [1,2].  Among  these  materials,  the 
production  of  NiTi  using  the  combustion  synthesis  of  elemental 
powders  is  particularly  reported  in  the  present  paper,  since  this 
process  offers  considerable  potential  for  making  high  quality 
NiTi  shape  memory  alloys  cost-effective.  We  tried  to  make  not 
only  the  as  combustion- synthes  i  zed  NiTi  bulk  material  but  also 
the  NiTi  wire,  tube  and  sheet  from  the  elemental  powders. 
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EXPERIMENTAL 


The  heat  of  formation  of  NiTi  was  utilized  to  produce  the 
NiTi  shape  memory  alloy  using  the  combustion  synthesis  method. 
Fig.l  shows  the  heat  of  formation  of  NiTi  and  the  change  in  en¬ 
thalpy  of  Ni  and  Ti  mixture  and  the  NiTi  intermetall 1 c  compound. 
The  heat  of  formation  of  the  NiTi  intermetall ic  compound  is  ap¬ 
proximately  68  kJ/mol.  This  value  was  enough  to  ignite  and  to 
propagate  the  exothermic  chemical  chain  reaction.  We  developed 
the  production  process  of  the  NiTi  shape  memory  alloy  from  the 
elemental  powders  using  the  combustion  synthesis  method  as  shown 
in  Fig. 2.  Various  ratios  of  Ni  and  Ti  powder  were  mixed,  pressed 
with  a  cold  isostatic  press  (CIP)  and  synthesized  with  the  com¬ 
bustion  synthesis  method.  The  combustion  synthesized  NiTi  was 
encapsulated  in  a  steel  can  and  evacuated  and  sealed,  then  hot- 
isostatically  pressed  (HIP).  If  the  weight  of  the  HIP'ped  NiTi 
was  under  10  kg,  it  was  hot-extruded  at  900'  C  and  drawn  to  the 
1.0-0. 1mm  diameter  wires.  When  the  weight  of  HIP'ped  NiTi  was 
over  10  kg.  It  was  forged  at  900' C  as  shown  In  Fig. 3  and  Fig. 4, 
and  then  the  forged  NiTi  billet  was  hot  rolled  as  shown  in  Fig. 5 
and  drawn  into  wire  as  shown  in  Fig. 6.  The  chemical  compositions 
of  the  mixed  powder,  combustion  synthesized  NiTi  and  the  drawn 
wire  were  examined.  The  transformation  temperatures  (As.  Af.  Ms, 
Mf)  of  each  wire  were  measured  by  differential  scanning 
calorimetry  (DSC)  and  electrical  resistance.  The  mechanical 
properties  of  these  wire  were  also  measured. 
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RESULTS  AND  DISCUSSION 


The  weight  of  the  mixture  of  Ni  and  Ti  powder  for  the  com¬ 
bustion  synthesis  method  was  varied  from  50  g  to  100  kg  in  the 
present  experiments.  The  combustion  synthesis  method  to  produce 
the  NiTi  shape  memory  alloy  was  successful  in  all  weights  of  the 
powder  mixtures.  The  oxygen  content  of  each  combustion  syn¬ 
thesized  NiTi  was  less  than  400  ppm.  Fig.  7  shows  the  added  Ni 
content  and  the  found  Ni  content  in  the  mixed  powder  and  in  the 
combustion  synthesized  NiTi.  The  found  Ni  content  against  the 
added  Ni  content  exhibited  a  good  linear  relationship.  This  fact 
indicates  that  we  can  predict  the  chemical  compositions  of  the 
products  accurately.  Fig. 8  shows  an  example  of  the  differential 
scanning  calorimetry  (DSC)  chart  and  the  transformation  tempera¬ 
tures  of  the  NiTi  shape  memory  wire  produced  by  this  process. 
Fig. 9  shows  the  Ms  temperatures  of  the  present  experimental  NiTi 
wiies  measured  with  the  DSC  method  and  electrical  resistance 
method  compared  with  the  reference  of  a  conventionally  produced 
NiTi.  The  Ms  temperatures  of  the  combustion  synthesized  and 
drawn  NiTi  wires  are  in  good  agreement  with  that  of  the  conven¬ 
tional  NiTi  . 

Fig. 10  shows  the  result  of  a  tensile  test  of  the  superelas¬ 
tic  1.0  mm  diameter  NiTi  wire  with  high  Ni  content  produced  with 
the  combustion  synthesis  process.  The  Ms  temperature  of  the  wire 
was  181  K.  The  loaded  and  unloaded  stress-strain  curves  exhibit 
good  superelastic  behavior.  From  these  experimental  results,  the 
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manufacturing  process  including  the  combustion  synthesis  method 
shows  good  potential  for  producing  the  NiTi  shape  memory  alloy 
from  the  elemental  powders. 

CONCLUSIONS 

We  propose  a  new  production  process  of  shape  memory  alloy 
from  the  elemental  powder  in  the  present  paper.  The  process  is 
probably  the  first  successful  trial  to  produce  NiTi  wire,  tube 
and  sheet  from  elemental  powders.  The  mechanical  properties  and 
the  shape  memory  effect  of  the  wire  are  similar  to  the  conven¬ 
tionally  produced  NiTi  wire.  We  have  started  the  mass  produc¬ 
tion  of  the  NiTi  shape  memory  alloy  with  this  process  including 
the  combustion  synthesis  method  and  supplying  them  to  the  market. 
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Fig.  1  Change  in  enthalpy  of  Ni ,  Ti  and  NiTi  and  heat  of  formation 
of  NiTi.  . 


Fig.  2  Flow  chart  of  the  production  process  including  the  combus¬ 
tion  synthesis  of  NiTi  from  the  elemental  powder. 


Fig.  5  Hot  rolled  coll  of  NiTl  after  forging.  The  diameter  of  the 
bar  Is  9.5  mm.  The  weight  of  the  coil  is  70  kg. 


Fig.  6  The  NiTi  shape  memory  alloy  produced  with  the  present 
process  including  combustion  synthesis.  From  loft  to  right 
IITP’ped  ingots,  tube,  sheet  and  wires. 
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Fig.  7  Found  Ni  content  in  the  nixed  powder  and  combustion 
synthesized  NiTi,  against  added  Ni  content. 
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Fig.  8  An  example  of  the  differential  scanning  calorimetry  (DSC) 
chart  and  the  transformation  temperatures. 
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Fig.  9  Ms  temperature  of  NiTi  wire  produced  by  the  present 
process  against  Ni  content. 


fig*  iO  Stress-strain  curves  of  the  superelastic  NiTi  wire  having 
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Abstract 

Nickel  aluminides  near  the  NijAl  stoichiometry  were  fabricated  by  combustion 
synthesis  of  mixed  elemental  powders.  Densification  mechanisms  and  the  effects  of  powder 
and  process  variables  on  sintered  density  were  studied.  Densification  was  controlled  by 
the  amount  and  distribution  of  the  transient  liquid  phase  which  forms  during  rapid 
exothermic  heating.  Density  of  the  combustion  product  is  sensitive  to  aluminum  content, 
aluminum  to  nickel  particle  size  ratio,  heating  rate  and  atmosphere.  Through  careful 
control  of  these  variables  it  is  possible  to  fabricate  near  full  density  alloys  in  very 
short  times.  Mechanical  properties  of  the  materials  appear  promising  and  a  variety  of 
unique  microstructures  are  possible. 

Keywords:  exothermic,  densification,  transient  liquid. 

Introduction 

Alloys  based  upon  the  compound  NijAl  possess  an  attractive  combination  of 
mechanical  and  physical  properties  which  makes  them  ideal  candidates  for  a  number  of  high 
temperature  applications  [1],  Of  the  available  processing  routes,  powder  metallurgy  is 
proving  to  be  an  effective  method  for  producing  high  performance,  near  net  shape 
intermetal  1 ic  parts  [2]. 

Typically,  powder  metallurgy  fabrication  of  intermetall ics  involves  consolidation  of 
prealloyed  powders  via  hot  isostatic  pressing  or  hot  extrusion.  This  approach,  although 
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successful,  is  time  and  energy  intensive,  involving  considerable  expense.  As  an 
alternative,  combustion  synthesis  of  intermetall ics  offers  several  advantages  including 
the  use  of  elemental  powders,  short  processing  times  and  low  energy  input  (see  reviews  in 
3  and  4).  In  spite  of  these  attributes,  problems  such  as  porosity  and  lack  of  process 
control  have  prohibited  widespread  use  of  combustion  methods. 

To  realize  the  potential  of  this  novel  processing  technique,  a  deeper  understanding 
of  the  factors  which  control  densification  and  microstructural  development  is  required. 
Toward  this  goal,  we  summarize  here  our  previous  findings  [5,6]  concerning  fabrication  of 
the  intermetall ic  compound  NijAl.  It  is  anticipated  that  the  mechanisms  of 
densification  in  this  system  have  a  generic  applicability  and  will  prove  useful  for 
predicting  and  controlling  behavior  in  other  intermetallic  systems. 

Experimental 

The  characteristics  of  the  powders  used  are  listed  in  Table  1.  Powders  were  mixed  in 
a  turbula  mixer  for  about  30  min  and  then  pressed  into  green  compacts  12  mm  in  diameter 
by  approximately  6  mm  high  using  a  compaction  pressure  of  300  MPa  and  zinc  stearate  as  a 
die  wall  lubricant.  Green  densities  were  near  70%  of  theoretical. 


Combustion  synthesis  was  carried  out  in  a  horizontal  tube  furnace  with  either  dry 
hydrogen,  dry  argon,  or  vacuum  of  7  x  10'^  Pa  as  the  sintering  atmosphere.  The  maximum 
temperature  studied  was  750*C  and  the  heating  rate  was  varied  between  3  and  30 
K/min.  Holding  time  at  the  maximum  furnace  temperature  was  15  min. 

The  combustion  process  was  monitored  by  differential  thermal  analysis  and 
dilatometry.  After  sintering,  samples  were  analyzed  for  density  and  selected  mechanical 
properties.  Microstructural  characterization  was  performed  using  optical  metallography, 
x-ray  diffraction  and  electron  microscopy. 

Ri.su.lti 

Figure  1  shows  a  plot  of  shrinkage  versus  temperature  along  with  a  differential 
thermal  analysis  scan  obtained  by  heating  a  stoichiometric  Ni^Al  powder  compact 
(Ni -13.3  wt.%  Al).  During  heating  there  is  an  initial  expansion  of  the  compact;  above 
400*C  gradual  shrinkage  begins.  Examination  of  samples  quenched  from  these 
temperatures  indicated  that  the  intermetallic  compounds  Ni Al 3  and  Ni £A1 3  had  formed 
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by  solid  state  reaction  at  the  nickel -aluminum  interparticle  contacts,  in  agreement  with 
previous  reports  [7].  A  large  exothermic  reaction  begins  at  a  temperature  near 
600*C.  Within  seconds  the  compact  temperature  rises  to  over  1300*C.  At  the 
onset  of  the  large  exotherm,  the  compact  undergoes  a  very  rapid  (less  than  0.5  s) 
expansion  of  a  few  percent  followed  immediately  by  rapid  shrinkage.  The  total  time 
between  the  onset  of  the  exothermic  reaction  and  the  completion  of  densification  was  less 
than  3  s;  no  further  densification  occurred  upon  continued  heating.  The  reaction 
initiation  temperature  was  lower  for  smaller  aluminum  particle  sizes,  faster  heating 
rates  and  higher  green  densities. 

Figure  2a  shows  a  green  compact  of  a  stoichiometric  sample  containing  15  /xm 
aluminum  powder.  The  unetched  structure  after  heating  at  30  K/min  in  vacuum,  shown  in 
Figure  2b,  contains  a  small  amount  of  porosity  and  a  second  phase  tentatively  identified 
as  Ni gAl 3  by  electron  microprobe  analysis.  Figure  2c  shows  the  microstructure  after 
etching;  an  equiaxed  grain  structure  is  apparent  with  a  grain  size  of  approximately 
30  /im.  After  annealing  at  1350*C  for  1  h,  transmission  electron  microscopy 
confirmed  that  the  sample  was  composed  of  single  phase,  ordered  Ni 3A1 .  Chemical 
analysis  of  the  combustion  synthesized  material  gave  the  composition  as  12.2%  A1 ,  87.6% 
Ni,  with  0  02%  Fe,  0.01%  Si,  482  ppm  0  and  420  ppm  C. 

Initial  experiments  [5.6]  showed  the  highest  sintered  densities  were  obtained  in 
vacuum  using  the  highest  heating  rate  investigated,  30  K/min,  regardless  of  the  aluminum 
particle  size  or  stoichiometry.  Therefore  subsequent  densification  studies  were  carried 
out  under  these  conditions.  The  effect  of  aluminum  particle  size  on  pororsity  was 
studied  for  the  NijAl  stoichiometry.  The  best  densification  was  achieved  with  an 
intermediate  aluminum  particle  size  of  15  pm,  giving  under  3%  porosity  in  the 
product. 

The  effect  of  stoichiometry  was  investigated  using  10  fim  aluminum  powder;  the 

results  are  shown  in  Figu-e  3.  For  alloys  which  are  hyperstoichiometric  in  Al,  a  two 

phase  NiAl-NijAl  microstructure  is  obtained.  When  the  aluminum  content  was  greater 

than  about  14%  the  alloys  did  not  show  improved  densification,  rather  the  compacts 
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exhibited  slumping  as  a  result  of  excess  liquid  phase  formation.  Alloys  with  less  than 
about  12.5%  Al  show  high  porosity  and  unreacted  nickel  in  the  microstructure. 

Discussion 

Figure  4  is  a  schematic  diagram  of  the  events  which  take  place  during  combustion 
synthesis  of  HijAl.  During  heating,  solid  state  diffusion  leads  to  the  formation  of 
Al-rich  intermetallic  compounds  at  the  interparticle  contacts.  Due  to  the  exothermic 
nature  of  the  solid  state  reactions,  the  lowest  eutectic  temperature  of  640*C  is 
reached  locally,  thus  initiating  the  combustion  reaction  before  the  furnace  temperature 
reaches  the  melting  point  of  aluminum.  Once  a  small  amount  of  eutectic  liquid  forms, 
rapid  dissolution  takes  place  and  solid  NijAl  precipitates  directly  from  the  saturated 
liquid.  Initial  compound  formation  generates  heat  which  further  accelerates  the  reaction 
leading  to  extensive  liquid  formation.  The  liquid  quickly  spreads  throughout  the 
structure  and  compound  formation  continues  until  the  reactants  are  consumed. 

The  observation  that  highest  sintered  densities  were  obtained  in  vacuum  can  be 
attributed  to  the  negative  influence  of  entrapped  gases  on  densification.  Volatilized 
species  and  the  sintering  atmosphere  can  limit  densification  when  they  are  sealed  off 
inside  closed  porosity.  Vacuum  aids  in  the  removal  of  gases  from  the  compact,  thus 
allowing  higher  densities  to  be  achieved. 

All  other  densification  results  can  be  explained  by  the  process  of  transient  liquid 
phase  sintering  for  which  the  sintered  density  is  determined  by  the  amount,  distribution 
and  duration  of  a  wetting  liquid  [8].  These  factors  are  strongly  influenced  by  material 
and  processing  variables  as  explained  below. 

Higher  densities  are  achieved  with  rapid  heating  rates  because  less  interdiffusion 
takes  place  in  the  solid  state,  allowing  more  liquid  phase  to  form  at  the  eutectic 
temperature.  Higher  liquid  contents  are  also  achieved  with  greater  aluminum 
concentrations  in  the  starting  mixture.  For  less  than  about  12.5%  Al  there  is 
insufficient  liquid  present  to  provide  an  interconnected  liquid  structure  and,  in  the 
absence  of  long  range  capillary  action,  low  sintered  densities  result.  For  Al  contents 
greater  than  13.3%  there  is  an  excess  of  liquid  over  that  required  to  form  NijAl ,  and 
slumping  and  shape  loss  are  observed. 
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Long  range  capillary  action  is  promoted  by  an  interconnected  network  of  liquid.  At 
the  stoichiometric  composition,  aluminum  constitutes  34  vol%  of  the  solid  structure.  For 
this  percentage,  an  interconnected  network  is  predicted  for  a  particle  size  ratio  of  at 
least  2.4:1  (major  phase  diameter  to  minor  phase  diameter)  [9].  In  the  green  compact  the 
nickel  agglomerates  had  an  intercept  length  of  about  30  im,  or  an  actual  diameter  of 
45  n m.  Thus,  an  aluminum  particle  size  of  less  than  19  /xm  is  required  to  form  an 
interconnected  liquid  structure  at  the  eutectic  temperature.  This  value  is  in  agreement 
with  the  observation  that  15  pm  aluminum  gave  the  best  densification.  Figure  5  shows 
the  role  of  minor  phase  connectivity  in  promoting  long  range  densification.  This  concept 
is  particularly  important  for  combustion  synthesis  where  densification  is  primarily 
dependent  upon  the  capillary  action  of  a  liquid  which  persists  for  only  a  few  seconds. 

In  contrast  to  conventional  sintering  treatments,  maximum  furnace  temperature  (above  the 
initiation  temperature)  and  time  at  temperature  have  no  influence  on  densification. 

Finally,  it  is  noteworthy  that  combustion  synthesis  offers  considerable  flexibility 
in  terms  of  alloying  and  microstructure  control.  For  example,  it  is  possible  to  add 
boron  or  other  additions  directly  to  the  reactant  powder  mixture.  As  well  as  their 
effects  on  the  alloy  properties,  these  additions  will  influence  the  densification 
behavior  through  their  effects  on  the  transient  liquid  phase.  We  have  also  investigated 
using  the  HIP  to  assist  densification,  particularly  as  a  method  of  preparing  nickel 
aluminide  matrix  composites  [10]. 

Initial  assessments  of  the  mechanical  properties  of  the  combustion  synthesized 
materials  are  promising.  For  example,  a  sample  of  NijAl  containing  C.06%  boron 
fabricated  using  HIP  to  assist  densification  gave  a  room  temperature  tensile  strength  of 
722  MPa  and  a  ductility  of  10%  in  the  as-prepared  condition.  Future  studies  will  aim  to 
improve  and  characterize  properties  with  emphasis  on  metal  matrix  composites.  In 
addition,  studies  are  aimed  at  extending  the  current  understanding  to  other  intermetallic 
systems. 

Conclusions 

Combustion  synthesis  of  nickel  aluminides  has  been  shown  to  be  a  viable  alternative 
to  current  powder  metallurgy  fabrication  approaches.  Near  full  density  alloys  have  been 
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prepared  directly  from  elemental  powders  by  careful  control  of  material  and  process 
variables.  The  effects  of  several  variables  on  sintered  density  were  determined  and  the 
results  are  explained  by  the  role  of  the  transient  liquid  phase  in  promoting  capillary 
induced  densification. 
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Figure  1.  A  plot  of  shrinkage  versus  temperature  for  a  stoichiometric  NijAl  sample 
heated  in  a  dilatometer  along  with  a  typical  differential  thermal  analysis 
scan. 

Figure  2.  Microstructure  of  NijAl  before  (a)  and  after  combustion  (b)  and  (c). 

(a)  Green  compact 

(b)  Unetched  sample  of  NijAl  showing  a  small  amount  of  porosity  and  second  phase 

(c)  Etched  sample  showing  grain  structure  of  N^Al 

Figure  3.  The  effect  of  stoichiometry  on  the  final  porosity  of  combustion  synthesized 
nickel -aluminum  powder  mixtures. 

Figure  4.  Schematic  diagram  showing  the  sequence  of  events  which  take  place  during 
heating  of  a  stoichiometric  mixture  of  nickel  and  aluminum  powders. 

Figure  5.  Schematic  diagram  illustrating  the  particle  size  effect  on  capillary  induced 
densification  during  combustion  synthesis. 


TABLE  1.  NICKEL  AND  ALUMINUM  POWDER  CHARACTERISTICS 


Property 

Nickel 

Aluminium 

Vendor 

INCO 

Val imet 

Designation 

123 

H-3,  H-10,  H-15, 
H-30  and  H-90 

Powder  type 

carbonyl 

gas  atomized 

Purity,  % 

99.99 

99.7 

FSSS  size,  um  . 

Apparent  density,  g/cm3 

2.8 

3,  10,  15,  30,  95 

2.2 

— 

Major  impurities,  ppm 

Ca  -  10 

Fe  -  1200 

Fe  -  30 

Volatiles  «  200 

7 


porosity,  % 
15 


10 


30  K/min,  vacuum 
15  min  hold,  10  pm  Al 
•  600 *C 
■  700*C 
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Introduction 

The  near  equiatomic  nickel -titanium  intermetallic  compound  (Figure  1) 
is  an  established  shape  memory  alloy1  (SMA)  and  is  normally  produced 
using  conventional  melting  techniques.  Recently,  combustion  synthesis, 
or  self-propagating  high  temperature  synthesis  (SHS),  has  been  used2'4. 
In  the  current  investigation  the  thermal  explosion  mode  of  SHS  has  been 
used  to  successfully  synthesize  the  NiTi  intermetallic  compound4  via 
the  liquid  phase. 

i  .e.  Ni  +  Ti  -♦  NiTi  ,  (1) 

where  (s)  and  (1)  refer  to  solid  and  liquid  states  respectively.  A 
"trigger"  mechanism  associated  with  TiOz  formation  was  investigated  by 
conducting  the  synthesis  reaction  in  air  was  investigated  and  the  shape 
memory  characteristics  of  the  alloy  were  identified  after  hot  rolling. 

2.  Experimental  Procedure 

Irregularly  shaped  Ti  powder  (<44^m)  and  spherical  Ni  powder  (44- 
150/dn),  in  equiatomic  stoichiometry,  were  tumbled  in  a  mechanical 
shaker  for  5-10  minutes  and  pressed  into  cylindrical  7.94  mm  diameter 
pellets  67  ±2%  theoretical  density.  The  pellets  were  heated  at 
different  rates  in  a  tube  furnace  set  at  different  temperatures  i.e. 
873-I573K,  for  heating  rates  in  excess  of  300  K/min,  or  using  a 
programmable  controller  for  lower  heating  rates. 
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(2) 


The  formation  of  Ti02  from  Ti  in  air  is  highly  exothermic  at  1273K. 
i.e.  Ti  +  02  -  Ti02,  aH°27J  -  -  225  kCal  mol'1; 
equilibrium  partial  pressure  of  02  *  10'40  at. 

The  use  of  this  as  a  "trigger"  reaction  was  investigated  as  was  the 
dilution  of  the  reactants  with  previously  reacted  NiTi  (<120/im)  and  Ni 
particle  size  on  Tig  and  Tc. 

Experimental  Results 

Figure  2  schematically  compares  the  combustion  reaction  conducted  in 
(a)  air  and  (b)  argon.  In  both  cases  the  maximum  combustion 
temperature,  Tc,  was  greater  than  the  melting  point,  Ter,  of  NiTi, 
while  both  the  ignition  (Tig)  and  combustion  (Tc)  temperatures  were 
lower  in  air.  Figure  3  shows  the  effect  of  heating  rate  on  Tc  and  Tig 
for  both  argon  and  air  atmospheres.  At  heating  rates  below  500  Kmin  1 
the  Tc  values  (1628K)  in  air  or  argon  were  approximately  the  same.  At 
higher  heating  rates,  Tc  in  argon,  ( 1773K) ,  was  150K  higher  than  in 
air.  The  Tig  (argon)  remained  relatively  constant  (1183K),  whereas  Tig 
(air)  decreased  linearly  as  heating  rate  increased. 

No  reaction  occurred  in  air  below  823K,  i.e.  <300K/min,  or  heating  at 
20  K/min  between  298-1200K,  suggesting  that  a  minimum  critical  heating 
rate  is  required  to  ignite  reaction  (I)  in  air.  From  Figure  4,  Tc  and 
Tig  were  independent  of  Ni  particle  size,  (20/im-I30^m) .  This  indicates 
that  heat  dispersion  was  not  affected  by  Ni  particle  size,  the  heat 
needed  to  generate  reaction  (1)  is  a  constant,  and  Tig  (1183K)  is  an 
intrinsic  value  for  the  Ni  +  Ti  synthesis  reaction  in  argon.  Tc 
decreased  sharply  with  dilutions  greater  than  12%  of  the  charge  weight 


and  no  reaction  occurred  at  dilutions  of  more  than  35%. 


The  NiTi  product  (Figure  5)  is  mainly  NiTi  parent  phase  (white)  with  a 
dendritic  second  phase  of  NiTi2  (dark).  Increased  porosity  was  evident 
in  reactions  using  a  NiTi  diluent.  The  NiTi2  was  present  in  a  branch¬ 
like  morphology  and  more  evenly  distributed  in  the  non-diluted  reacted 
sample.  Figures  6  and  7  show  the  exothermic  nature  of  reaction  (2). 
The  maximum  temperature  obtained  by  the  Ni  +  Ti  pellet  (Figure  7)  was 
1081K,  208K  higher  than  the  furnace  temperature.  X-ray  diffraction 
data  on  the  products  indicated  a  mixture  of  Ti  +  Ni  +  Ti02,  with  the 
Ti02  as  a  thin  outside  layer.  Also,  heating  the  Ni  +  Ti  pellet  between 
the  Tig(air)  and  Tig(argon),  (Figure  3),  with  an  argon  flow  rate  of  3 
litre/min.  no  reaction  took  place  until  the  pellet  was  pulled  out  of 
the  furnace  into  the  air. 

The  microstructure  of  NiTi  synthesised  in  air  (Figure  8)  and  argon  are 
similar,  except  that  in  the  latter  product  some  of  the  NiTi?  is  in  a 
coarser  dendritic  form.  A  eutectic  NiTi  +  Ni3 Ti  structure  (Figure  8b 
and  c)  is  evident  towards  the  outer  edge  with  NiTi2  mainly  present 
between  the  NiTi  and  the  eutectic  areas.  Table  1  lists  the  Tig,  Tc  and 
shape  recovery  range  for  pellets  synthesised  with  different  Ni  particle 
size  ranges  and  Ti  powder  of  -44/im.  The  twinned  domains  of  the  shape 
memory  R- phase  were  observed  under  polarised  light  (Figure  9) 
immediately  after  the  reaction  was  complete. 

The  solidified  alloys  were  subsequently  hot-rolled  at  approximately 
800°C  into  plates  of  0.5mm  thickness  and  then  annealed  at  600°C  for  2 
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hours  followed  by  air  cooling.  These  specimens  were  subsequently 
deformed  into  an  arc  at  0°C  and  the  shape- recovery  temperatures  were 
determined  during  reheating.  These  results  are  given  in  Table  1  and 
Figure  10  where  1T,  lo  and  1  are  chord  lengths  of  the  arc  at 
temperatures  T,  0°C  and  total  length  of  the  sample  respectively. 


%R  -  - - —  x  100%  (3) 

1  -  1 
U  O 

The  morphology  of  the  four  variants  of  R-phase5'6  were  clearly 
observable  after  hot  rolling  and  annealing  (Figure  11,  indicated  by 
arrow).  An  increased  amount  of  NiTi?  was  thought  to  be  the  reason  for 
poor  hot  ductility  in  some  samples  (Table  1,  Sample  1). 


TABLE  1.  Characteristics  of  Reactants  and  Products 
After  Hot  rolling  at  Approximately  800°C. 


Sample 

Ni  particle 

Tig 

Tc 

Shape-recovery 

Comments 

No. 

size  (^m) 

l°C) 

(°C) 

range  °C 

1 

125-149* 

880 

1482 

30-95 

Difficult  to  hot 

roll  (increased 
amount  of  NiTi, ) 

2 

90-125* 

10-20+ 

910 

1496 

17-45 

Easier  to  hot  roll 
than  sample  1 

3 

912 

1470 

45-85  J 

*  by  sieve  analysis 

+  roughly  estimated  by  optical  microscopy 


In  the  thermal  explosion  mode,  the  whole  pellet  is  heated  by  an  ambient 
heating  source  and  as  such  is  more  likely  to  provide  adiabatic 
conditions  than  the  combustion  mode.  This  provides  a  possible 
explanation  as  to  why  the  Tc  obtained  in  the  present  investigation  was 
260K  higher  than  that  reported  by  Itin  et  al2'3,7,8  who  used  the 


combustion  mode  and  who  found  Tc  to  be  more  dependent  on  process 


factors  (e.g.  diameter9,  density  of  pellets). 


Assuming  adiabatic  conditions  using  the  thermal  explosion  mode  for 
reaction  (1)  (Tc  adiabatic  temperature): 

Tm  Tc 


-AHj(Tig) 


Cp  (NiTi)dT  +  AHm(NiTi)  + 


Tig 


Cpt (NiTi)dT 


(4) 


1  o 


where  AHm(NiTi)  is  the  heat  of  fusion  and  Cpg  (NiTi)  and  Cpt  (NiTi) 
are  the  heat  capacities  for  NiTi  solid  and  liquid  respectively.  Since 
the  decrease  of  Tig  in  air  (Figure  3)  must  be  due  to  heat  generated  by 
reaction  (2)  the  different  amounts  of  Ti02  needed  to  initiate  or 
"trigger"  reaction  (1)  at  different  heating  rates  can  be  calculated. 


The  total  amount  of  TiO  formed  is  a,  where: 

•  \  2 


\  d  ,  r  /c. 

°  ”  (5) 

in  which  a?  is  the  fraction  of  TiO,  whose  aH  is  dissipated  into  the 
furnace  atmosphere  and  a2  the  heat  used  to  initiate  reaction  (1). 
Assuming  adiabatic  conditions  and  constant  Tc  (1628K),  the  theoretical 
Tig  in  air  is  1019K  (Figure  1210).  This  corresponds  to  a  certain 
critical  heating  rate,  T( ,  beyond  which  the  heat  generated  by  reaction 
(2)  is  transferred  to  the  pellet  and  can  be  used  to  "trigger"  reaction 
(1).  Heating  rates  greater  than  T  lower  Tig,  air,  in  the  direction 
indicated  in  Figure  12  which  also  gives  the  corresponding  AH#(Ti02). 
At  heating  rates  lower  than  T(  some  of  the  heat  generated  by  Ti02 
formation  is  dissipated  into  the  furnace  atmosphere. 

Thus  when  T  »  T, »  and  a  »  a2 

when  T  ■*  TJ ,  a9  »  a2  and  o  ■  a*  +  a2 

when  T  «  T( ,  a9  »  o2  and  a  ■»  a^1,  no  reaction  (1)  occurred 


From  Figure  12  at  any  Tig  <  1019K  in  air: 


AHf  (Ti02,Tig)  +  AHf  (NiTi , Tig, air)  *=  AH(NiTi ,Tc,air)  (6) 


i  .e. 


heat  generated 

'heat  generated  by  ' 

f  Total 

heat  generated] 

by  formation  of 

+ 

formation  of  NiTi 

« 

'  by  synthesis  of 

Ti02  at  Tig 

at  Tig  in  air 

NiTi 

to  reach  Tc 

„  - 

. 

. 

The  terns  in  equation  (6)  can  be  calucluated  by  equating  equations  (4) 
and  (6)  and  are  plotted  in  Figure  13  for  the  corresponding  heating 
rate.  Substituting  equation  (5)  and  (6)  gives: 


a2AHf (Ti°2 »Tig)  +  (l-a)AH(NiTi , Tig, air)  *  AH(NiTi,  Tc,air) 


Tm 


Cp  (NiTi)dT  +  AHm(NiTi)  + 


Tig 


Cpi (NiTi)dT 


(7) 


since  a  -  aj  +  a^,  (1-a)  can  be  replaced  by  (l-<**-o2). 

Equations  (7)  and  (5)  and  Figure  3  can  now  be  used  to  calculate  t/  for 
T  >  T(  and  a*  for  T  <  Tj ,  (Figure  14)  and  T] ,  (673  K/min -1). 


From  Figure  3,  for  the  condition  T  >  600  K/min,  Tc(Ar)  >  Tc(air)  may  be 
due  to  less  Ti  being  available  for  reaction  (1)  owing  to  TiO? 
formation.  This  corresponds  approximately  with  T  (673  K/min)  at  which 
all  the  TiOz  generated  provides  heat  to  "trigger"  the  NiTi  reaction. 
Therefore,  the  value  of  <*  (equation  5)  remains  relatively  constant  for 
T  >  673  K/min,  at  which  rate  the  pellet  is  in  the  furnace  for  less  than 
a  minute  prior  to  ignition.  For  T  <500K/min  produces  a  decrease  in 
Tc(Ar)  probably  due  to  longer  pellet  heating  times  and  non-adiabatic 
conditions.  Also,  the  use  of  commercially  pure  Ar  may  explain  the 
decrease  in  Tc  for  the  lower  heating  rates  in  that  increased  amounts  of 


Ti  are  consumed  by  Ti02  formation  (reaction  2)  whose  heat  of  formation 
was  largely  dissipated  into  the  furnace  atmosphere. 

The  shape  memory  characteristics  of  the  Ni Ti  product,  after  hot  rolling 
at  approximately  800°C,  indicated  some  deterioration  in  both  recovery 
and  hot  formability  as  the  amount  of  NiTi2  phase  increased.  The 
eutectic  structure  (Ni Ti  +  Ni3 Ti )  lies  on  the  Ni-rich  side  of  the 
equiatomic  stoichiometry  (Figure  1).  Since  some  Ti  is  consumed  by 
reaction  (2),  the  combustion  synthesis  product  tended  to  be  Ni-rich  at 
the  edges  of  the  sample  favouring  the  eutectic  reaction  at  this 
position  with  TiO?  at  the  surface  and  NiTi  in  the  centre.  The  reason 
for  Ni-lean,  NiTi?  phase  between  the  NiTi  and  eutectic  is  not  yet  clear 
but  may  be  due  to  poor  powder  mixing. 

5.  Conclusion 

A  shape  memory  NiTi  intermetall ic  compound  has  been  produced  using  the 
thermal  explosion  mode  of  combustion  synthesis  of  Ti  and  Ni  powder 
pellet  mixtures  combusted  in  either  air  or  argon.  Tc  was  lower  in  air 
(1628K)  than  in  argon  (1773K)  but  was  always  higher  than  the  melting 
point  of  the  NiTi  compound.  Tig  remained  constant  in  an  argon  (1183K) 
but  decreased  on  increasing  the  heating  rate  in  air.  This  was  found  to 
be  dependent  on  the  prior  formation  of  Ti02 ,  the  exothermic  nature  of 
which  acted  as  a  "trigger"  for  the  NiTi  reaction.  A  thermodynamic 
formulation  was  derived  to  estimate  the  required  amount  of  Ti 02  needed 
to  "trigger"  the  NiTi  synthesis  reaction.  The  triggering  mechanism 
was  more  favourable  when  a  certain  critical  heating  rate,  T  ,  was 
exceeded  (673  K/min).  The  shape  memory  R  phase  was  present  in  the  NiTi 


product.  The  formation  of  Ti02  resulted  in  a  thin  outer  layer  of  Ti 02 , 
a  central  area  of  Ni Ti  and  an  intermediate  outer  layer  of  eutectic  NiTi 
+  Ni3Ti.  Some  NiTi 2  was  also  observed  in  the  outer  layers  of  the 
product  and  tended  to  decrease  the  NiTi  ductility. 
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FIGURE  2.  COMPARISON  OF  TEMP. -TIME  PLOTS 
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FIGURE.  5  TYPICAL  OPTICAL  (a)  AND  SEM  (b)  (c)  OPTICAL  PHOTOMICROGRAPH  OF 
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FIGURE  6.  CHANGE  OF  ENTHALPY  WITH  TEMPERATURE  FIGURE  7.  THE  TEMPERATURE-TIME 
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FIGURE  12.  ENTHALPY-TEMPERATURE 
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FIGURE  13.  HEAT  OF  REACTION  VERSUS 
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ABSTRACT 

Shock  synthesis  experiments  were  performed  on  elemental  powder  mixtures  of 
* 

Ni-Al  and  Nb-Al ,  to  study  the  effect  of  material  parameters  on  solid-state 
chemical  synthesis.  Elemental  powders  of  different  morphologies  were  pre-mixed 
in  a  proportion  of  -65  wtX  Ni,  or  Nb,  and  35  wtX  Al.  Shock- compress  ion  loading 
experiments  were  conducted  on  Ni-Al  mixtures  at  19-22  GPa  pressures  using  the 
Sandia  Bear  fixtures,  and  on  Nb-Al  mixtures  at  30-40  GPa  pressures  using  a  12- 
capsule  Sawaoka  recovery  fixture.  In  the  case  of  Ni-Al  mixtures  the  starting 
powder  morphology  plays  a  significant  role  in  determining  the  extent  of  reaction. 
The  Nb-Al  powder  mixtures  shock  processed  at  higher  pressures  underwent  complete 
reaction. 


1-  IFTRQPVCTIPF 

In  the  work  presented  here,  explosively  generated  shock  compression  waves 
were  used  to  synthesize  aluminides  of  Ni  and  Nb  from  elemental  powder  mixtures, 
and  at  the  same  time  induce  bonding  between  the  powder  particles.  This  shock- 
induced  chemical  synthesis,  Involving  the  simultaneous  application  of  very  high 
pressure  and  high-strain-rate  deformation,  is  a  non- equilibrium  processing 
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technique,  to  produce  new  materials  with  special  microstructures.  The  tech¬ 
nological  potential  of  shock  processing  was  first  demonstrated  by  the  pioneering 
work  of  DeCarli  and  Jamieson,1,2  in  1961,  namely  the  synthesis  of  diamond  from 
rhombohedral  graphite.  Since  that  time  shock- induced  chemical  synthesis  has  been 
successfully  used,  not  only  to  induce  phase  changes,  but  also  synthesize 
compounds  from  elements  in  ceramic3'7  as  well  as  metallic  systems.8'14 

The  first  systematic  investigation  of  shock- induced  chemical  synthesis  in 
intermetallics  was  conducted  by  Horie,  et  al8"12.  They  synthesized  aluminides  of 
Ni  and  Ti,  starting  with  mechanically  mixed  powders  of  the  respective  elemental 
constituents,  in  ratios  appropriate  to  form  stoichiometric  Ni3Al  and  Ti3Al.  In 
the  case  of  the  Ni-Al  powder  mixtures,  they  observed  that  the  nickel  aluminide 
products  were  readily  synthesized  and  controlled  by  the  shock  conditions  (peak 
pressure  and  mean  bulk  temperature).  Large  yields  of  Ni3Al  were  produced  and  the 
material  had  a  hardness  similar  to  that  of  cold  worked  Ni^l  even  though  the 
material  had  low  defect  concentration.  In  contrast,  the  reaction  yield  was  very 
limited  in  the  case  of  Ti-Al  powder  mixtures.  The  present  work  is  an  extension 
of  the  work  conducted  by  Horie,  et  al.  Instead  of  concentrating  on  optimizing 
the  processing  parameters  (pressure,  temperature),  the  emphasis  of  this  effort 
was  on  determining  the  influence  of  material  parameters  on  the  extent  of  the 
reaction  and  nature  of  reaction  products. 

2.  EXPERIMENTAL  .PRPCEPVRE 

Shock-compression  experiments  were  conducted  on  mixtures  of  Ni  and  Al 
powders  of  different  morphologies  (shape  and  size).  Table  I  lists  the  five  types 
of  powders  used  in  the  study.  The  powder  particle  sizes  ranged  from  1  to  45 
micrometers  for  Al  and  from  3  to  45  micrometers  for  Ni .  The  morphology  of  the 
powders  was  either  flaky  or  spherical.  Characteristic  scanning  electron 
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micrographs  of  the  powder  mixtures  containing,  flaky  and  spherical  Ni  particles, 
and  rounded  Al  powders  are  shown  in  Figure  1(a)  and  (b),  respectively. 


Original  photos 


Fig.  1  (a)  and  (b)  Characteristic  scanning  electron  micrographs  of  the  powder 

mixtures  containing  flaky  and  spherical  Ni  particles  and  rounded  Al 
particles. 


The  pre-mixed  Ni-Al  powders,  prepared  by  combining  the  pure  elemental 
powders  (65  wt  X  Ni  and  35  wt  X  Al)  under  an  argon  atmosphere  and  then  mixing 
in  a  ball  mill,  were  packed  into  copper  capsules  at  approximately  65X  theoretical 
density.  These  were  then  sealed  and  placed  in  the  Sandia  Momma  Bear  A  Fixture 
for  shock  compression  loading.  Composition  B  was  used  as  a  high  explosive  to 
generate  the  shock  waves  (shock  pressure  of  19-22  GPa) ,  which  were  transmitted 
through  the  driver  plate  and  into  the  powder.  For  the  Nb-Al  system  only  one  type 
of  powder  was  used,  namely,  Nb  (Irregular,  -325  mesh)  and  Al  (irregular,  -325 
mesh).  The  powder  mixture  (65  wt  X  Nb  and  35  wt  X  Al)  prepared  by  hand  mixing 
in  argon  atmosphere  was  packed  into  stainless  steel  capsules  at  65X  of 
theoretical  density.  The  capsules  were  embedded  in  a  12 -capsule  recovery  fixture 
backed  by  a  momentum  trap,  which  was  impacted  by  an  explosively  driven  flyer 
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place  at  a  velocity  of  1700  m/s.16  The  planar/parallel  impact  of  the  flyer  plate 
creates  high  amplitude  shock  waves  (30-40  GPa  shock  pressure)  that  transmit 
through  the  powder. 

After  shock  loading,  the  compacts  of  both  Ni-Al  and  Nb-Al  powder  mixtures 
were  recovered  from  the  shock  recovery  fixtures  and  characterized  by  differential 
thermal  analysis,  microscopy  and  x-ray  diffraction  analysis. 


TABLE  I  -  CHARACTERISTICS  OF  MIXTURES  OF  Ni  AND  Al  POWDERS 


POWDER 
LOT  # 
SNL- 

SHOT 

# 

NICKEL  POWDER 
shape  size  purity 

(pm)  (X) 

ALUMINUM 
shape  size 
(pm) 

POWDER 

purity 

(X) 

GREEN 

DENSITY 

(g/cm5) 

0887-1 

35G876 

spher . 

3-7 

99.9 

round 

1 

99.9 

4.090 

0887-2 

38G876 

spher . 

10-20 

99.9 

spher. 

10-20 

99.5 

4.147 

0887-3 

39G876 

spher. 

-40+20 

99.9 

spher . 

-44 

99.8 

4.154 

0887-4 

6G876 

flaky. 

-44 

99.9 

spher . 

-44 

99.8 

4.20 

0887-5 

41G876 

spher. 

-45+20 

99.9 

spher. 

5-15 

99.9 

4.164 

3.  SHOCK  PROCESSING  OF  Nl-Al 

3.1  Ki-Al  Compact  Characterization  bv  Mlcrostructural  Analysis 

Optical  microscopy  observations  revealed  that  in  the  case  of  the  fine  powder 
mixture  compact  (Shot  #35G876) ,  and  the  one  containing  flaky  Ni  powder  (Shot 
#6G876) ,  complete  reaction  had  occurred.  The  recovered  compact  from  Shot  #35G876 
was  very  poorly  bonded  together  and  almost  fragmented  whereas  the  compact  of  Shot 
#6G876  remained  well  bonded.  Figure  2  shows  a  corner  and  central  cross-section 
region  of  the  recovered  compact  of  Shot  #6G876.  Compacts  from  Shot  #38G876, 
39G876,  and  41G876,  exhibited  practically  identical  characteristics,  but  unlike 
the  fine  or  flaky  powder  compact,  the  bulk  of  the  material  remained  unreacted. 
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CORNER  1mm  CENTER 

Fig.  2  Optical  micrograph  of  the  central  and  corner  region  along  the  cross- 
section  of  Sample  No.  6G876  showing  fully  reacted  regions,  with 
spherical  voids. 

The  fully  reacted  regions  in  these  compacts  were  observed  to  be  isolated  along 
the  circumference  (or  actually  in  a  triangular  area  located  near  the  comers) 
as  observed  in  micrographs  of  cross-sectional  planes  of  the  compacts.  These, 
in  fact,  are  regions  subjected  to  maximum  shock- induced  mean  bulk  temperature, 
as  predicted  by  numerical  simulations  performed  using  the  two-dimensional  CSQ 
code.15  No  unreacted  Ni  and  A1  was  detected  in  this  triangular  region.  Figure 
3(a)  is  an  optical  micrograph  of  part  of  the  cross-section  of  Sample  #39G876, 
showing  a  typical  triangular  reaction  region.  The  etching  contrast  generated 
reveals  five  dissimilar  phase  regions  (A,  B,  C,  D,  and  E,  as  shown  in  the 
figure).  These  regions  correspond  to  the  following  phases  and  structures: 
regions  A  and  B  correspond  to  unreacted  Ni  and  Al  powders;  Region  C  shows  a 
reacted  Ni„Aly  compound;  Region  D  is  a  reacted,  melted  and  rapidly  resolidified 
amorphous  material;  Region  E  is  also  a  reacted,  melted  and  resolidified  compound 
possessing  fine  dendritic  or  microcrystalline  structure.  A  scanning  electron 
micrograph  of  one  of  the  interface  regions  is  shown  in  Figure  3(b).  The  bright 
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contrast  of  the  Ni  particles  and  dark  contrast  of  the  Al  particles  is  clearly 
observed  in  this  micrograph.  A  transition  area  approximately  150  nm  thick 
between  totally  unreacted  material  and  bulk  reaction  products  appears  to  contain 
an  Al-rich  compound  (with  dendritic  grains)  between  the  Ni  particles.  The  bulk 
reaction  product  on  the  other  hand  is  contrast  free  and  has  NijAl  stoichiometry. 

SHOCK  x 

V  V  V  X. 

Al  ricn\. 

compound 


partially 

reacted 


Fig.  3  Optical  and  scanning  electron  micrograph  of  a  part  of  the  cross- 
section  of  Sample  No.  39G876  showing  reacted  and  unreacted  regions. 


Samples  of  each  of  the  five  powder  mixtures  were  run  in  a  DuPont  9900 
Differential  Thermal  Analyzer  (DTA)  to  observe  any  variation  in  the  powder 
reactivity  before  shock  compression  processing.  The  DTA  scans  of  the  powders 
are  compiled  in  Figure  4.  Ni  and  Al  powders  react  together  at  640°C  (slightly 
below  the  melting  temperature  of  Al)  resulting  in  an  exothermic  self-sustaining 
reaction.11  From  the  DTA  scans  shown  in  Figure  4,  it  is  observed  that  the  powder 


mix  #SNL-0887-4  (325  mesh  flaky  Ni  and  spherical  Al)  shows  maximum  reactivity, 


which  arises  from  the  efficient  mixing  of  the  Ni  (flaky)  and  Al  (spherical) 
powders.  The  fine  powder  mixture,  in  spite  of  possessing  maximum  surface  area, 
shows  lower  reactivity.  This  is  attributed  to  improper  mixing  of  the  powders, 
in  particular  because  of  the  tendency  of  the  very  fine  powders  to  agglomerate 
with  like  particles . 


Fig.  4  DTA  scanj  showing  exotherms  of  reaction  between  different  grades  of 
Ni  and  Al  powders. 

In  order  to  verify  the  reaction  regions,  as  evidenced  by  different  etching 
contrast  in  the  optical  micrographs,  small  samples  were  taken  from  different 
f  areas  of  the  shocked  compacts  and  analyzed  in  the  DTA.  Typical  DTA  traces  are 

shown  in  Figure  5(a)  and  (b) .  Samples  from  the  fully  reacted  regions  of  all 
compacts  show  a  smooth  trace  in  the  DTA  (Curve  (a)  in  Figure  5)  indicating  no 
subsequent  reaction  while  heating  in  the  DTA,  whereas,  the  samples  from  unreacted 
regions  exhibit  two  exothermic  peaks  as  shown  in  Curve  (b)  in  Figure  5. 
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Fig.  5  Typical  DTA  traces  from  small  samples  from  (a)  reacted  regions  and  (b) 
non- reacted  regions  of  a  recovered  compact. 

The  first  peak  in  Curve  (b)  is  believed  to  be  a  "pre- ignition"  phenomenon. 
This  phenomenon  was  not  observed  in  the  unshocked  powder  mixtures  heated  in  the 
DTA  (Figure  4),  and  is  characteristic  of  shock- induced  processes.  The  latter 
peak  is  the  exotherm  corresponding  to  the  complete  reaction  between  Ni  and  Al . 
Similar  observations  were  also  made  by  Hammetter  et  al.11  They  conducted  x-ray 
diffraction  studies  at  elevated  temperatures  and  observed  the  formation  of  Al- 
rich  compounds  in  shock- treated  samples  which  had  undergone  no  reaction. 

.  From  DTA  analysis  performed  on  shock  processed  powders,  it  was  concluded  that 
the  bulk  of  the  material  in  Samples  035G876  and  6G876  had  been  reacted.  Shocked 
samples  #38G876,  39G876,  41G876  had  undergone  only  partial  reaction  with  the 
reaction  regions  being  confined  along  the  outer  circumference  of  the  disk. 

3-3  X-rav  Diffraction  Analysis 

In  order  to  identify  the  compounds  and  the  structure  of  the  bulk  products 
formed  during  shock- induced  chemical  synthesis,  x-ray  diffraction  analysis  was 
performed  on  the  mechanically  blended  Ni  and  Al  powder  mixtures  and  entire  cross- 
sectional  surfaces  of  the  various  shock  processed  Ni-Al  compacts.  The  x-ray 
diffraction  results  are  summarized  in  Figure  6.  Curve  (a)  shows  the  Ni  and  Al 
diffraction  peaks  obtained  on  the  blended  powder  (Mix  #SNL-0887-l) .  X-ray 
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diffraction  scans  obtained  from  the  central  cross-sectional  surfaces  of  the 
different  compacts  are  given  as  Curve  (b)  -  Shot  #35G876;  Curve  (c)  -  Shot 
#38G876;  Curve  (d)  -  Shot  #39G876;  Curve  (e)  -  Shot  # 41G876,  and  Curve  (f)  - 
Shot  #6G876. 
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Fig.  6  X-ray  results  shoving  diffraction  peaks  obtained  from  the  unshorked 
powder  mixtures  and  recovered  compacts. 
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It  can  be  seen  from  these  x-ray  diffraction  results  that  all  of  the  recovered 
compacts  show  at  least  some  degree  of  reaction,  and  the  reaction  products  formed 
range  from  Al-rich  to  Ni-rich  compounds.  It  is  obvious  that  in  Curves  (b)  and 
(f) ,  which  correspond  to  Samples  #35G876  and  6G876;  the  Al(lll)  peak  is  totally 
missing,  implying  complete  depletion  of  Al  particles  in  the  reaction  process 
(within  limits  of  detectibility) .  The  x-ray  diffraction  trace  of  the  6G876 
compact  indicates  the  presence  of  an  AlNi  compound  along  with  elemental  Ni  and 
some  NijAl,  whereas  the  traces  for  35G876  show  NijAl  as  the  predominant  reaction 
product . 

4.  SHOCK  PROCESSING  OF  Nb-Al 

Shock  processing  of  Nb-Al  powders  resulted  in  small  disks  12  mm  diameter  x 
5  mm  thick.  Although  the  disk  was  almost  totally  fragmented  at  the  shock 
pressures  produced  in  the  powders  upon  impact  at  1700  m/s ,  it  could  be 
established  that  most  of  the  powder  mixture  had  undergone  reaction.  Figure  7(a) 
shows  a  macrophotograph  of  the  cross-section  of  a  recovered  Nb-Al  powder  compact. 
Host  of  the  section  had  a  microdendritic  structure  except  the  upper  left  hand 
comer,  where  no  reaction  took  place.  The  Vickers  microhardness  measurements 
are  shown  in  Figure  7(a).  The  reacted  region  had  a  higher  hardness  (800-900 
kg/mm2)  than  the  unreacted  region  (-100  kg/mm2).  Figure  7(b)  shows  the 
microdendritic  structure  at  a  high  magnification.  The  heat  generated  from  the 
exothermic  reaction  between  Nb  and  Al  was  enough  to  melt  the  reaction  products, 
which  solidified  to  a  microdendritic  structure.  Shrinkage  voids  formed  during 
solidification  are  also  seen  in  Figure  7(a). 

X-ray  diffraction  analysis  was  performed  on  the  unshocked  Nb-Al  powders,  as 
well  as  on  the  cross-section  of  the  recovered  shock-processed  compacts. 


an 
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Fig.  7  (a)  Macrophotograph  of  cross-section  of  fragmented  powder  compact 

containing  65  wt  X  Nb  and  35  wt  X  A1  powders  (b)  optical  micrograph 
showing  a  dendritic  structure  at  high  magnification. 


The  Nb-Al  powder  mixture  is  shown  in  trace  (a) ,  while  the  shock  synthesized 
material  is  shown  in  trace  (b)  in  Figure  8.  Two  intermetallic  compounds,  Al3Nb 
and  AlNb2>  can  be  identified  from  the  x-ray  diffraction  analysis  of  the  shocked 
compacts . 


Fig.  8  X-ray  diffraction  results  obtained  from  a  Nb-Al  powder  mixture  and 
shock  synthesized  compact. 
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5. 


Shock  compression  processing  is  used  to  chemically  synthesize  nickel  and 
niobium  aluminides,  starting  with  the  constituent  elemental  powders.  In  the  case 
of  Ni-Al  mixtures  the  starting  powder  morphology  plays  a  significant  role  in 
determining  the  extent  of  reaction.  Very  fine  and  flaky  powders  undergo  intimate 
shock- induced  mixing,  and  thereby  result  in  complete  reaction.  The  shock-induced 
reaction  products  formed  range  from  an  equiatomic  NiAl  compound  with  the  use  of 
flaky  nickel  morphology,  and  a  NijAl  compound  with  fine  powders. 

Nb-Al  powder  mixtures  upon  being  shock  processed  at  higher  pressures  undergo 
almost  complete  reaction  to  NbjAl  and  NbAls  compounds  with  a  microhardness  of 
800-900  kg/mm2. 
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Advanced  Ceramics  Via  SHS 

T.  P.  DeAngelis  and  D.  S.  Weiss 
Corning  Incorporated,  Corning,  NY  14831,  U.5.A. 

ABSTRACT 

Advanced  ceramic  materials  can  be  made  by  several  techniques 
known  in  the  industry  today.  This  paper  discusses  the  use  o£ 
reaction  hot  pressing  via  SHS  as  an  advantageous  process  for 
producing  a  broad  range  of  dense  ceramic  bodies.  The  preparation 
of  several  examples  are  described  along  with  their  physical  and 
microstructural  characterization.  Some  industrial  applications 
are  presented. 

INTRODUCTION 

Advanced  ceramic  materials  can  be  classified  as  those 
high-tech  ceramics  possessing  particularly  useful  properties  under 
severe  operating  conditions  such  as  high  temperatures,  high  stress 
fields,  high  wear  areas,  or  corrosive  environments. 

This  paper  gives  an  overview  of  some  of  the  work  done  at 
Corning  on  reaction  hot  pressing  (RHP)  using  self-propagating 
high-temperature  synthesis  (SHS)  as  an  advantageous  process  for 
producing  a  very  broad  range  of  advanced  ceramic  materials. 

PROCESS  OVERVIEW 

In  this  work  on  RHP,  a  multiphase  ceramic  material  is  formed 
by  a  chemical  reaction  between  elements  of  two  separate  components 
resulting  in  a  body  which  consists  of  at  least  two  phases,  both  of 
which  are  the  result  of  the  chemical  reaction.*  The  chemical 
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reaction  is  initiated  by  uniform  external  heating  of  the  reacting 
powders  in  a  graphite  mold  under  pressure.  RHP  allows  one  to 
produce  bodies  at  lower  temperatures  (with  lower  total  porosity) 
than  with  conventional  techniques.  Not  only  can  this  process  be 
used  to  make  monolithic  parts,  but  it  can  also  be  used  to  make 
multilayer  ceramics,  coatings,  and  bonded  materials. 

RESULTS 

Titanium  Diboride  -  Aluminum 

The  cermet  composed  of  TiB2/Al  was  of  interest  as  a  cathode 
for  electrowinning  aluminum  metal.  The  nominal  reaction  for  the 
formation  of  TiB2/Al  is  TiH2  +  AlB2  — >  TiB2  +  A1  +  H2  t.  It  was 
found  that  large  samples  react  at  about  670°C  while  small  samples 
react  at  about  11008C.  The  DTA  for  a  small  sample  of  this 
reaction  is  shown  in  Figure  1.  It  shows  the  reaction  to  form  TiB2 
occurs  at  about  1090°C  (the  decomposition  point  of  AlB2 ) .  This 
was  confirmed  by  X-ray  analysis.  it  turns  out  that  the  reaction 
at  670°C  is  the  reaction  of  aluminum  contaminant  in  AlB2  with 
titanium  starting  material  forming  an  intermetallic  intermediate. 
In  making  an  actual  sample  <30  g  and  larger),  this  reaction  at 
670°C  is  sufficiently  exothermic  to  ignite  the  reaction  at  1090°C, 
thus  the  reaction  appears  to  ignite  at  670°C.  In  the  DTA 
experiment,  sample  size  is  15  mg  and  the  true  reaction  is 
elucidated . 

The  density  of  the  TiB2/Al  material  was  strongly  dependent  on 
the  hot  pressing  pressure  and  soak  temperature  as  shown  in  Figure 
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2.  At  higher  temperatures,  aluminum  metal  could  be  squeezed  out 
of  the  sample,  resulting  in  raising  the  cermet  density. 

A  scanning  electron  micrograph  (SEM)  of  the  TiB2  fractured 
surface  is  shown  in  Figure  3.  The  small  relatively  uniform  grain 
size  and  intergranular  fracture  pattern  are  demonstrated. 

Titanium  Diboride  -  Nickel 

TiB2/Ni  is  of  interest  because  it  has  higher  density, 
hardness.  Young's  modulus  and  temperature  capability  than  TiB2/Al 
TiB2/Ni  is  formed  by  the  reaction  of  NiB,  TiH2,  and  B.  The 
microstructure  of  an  etched  polished  section  TiB2/Ni  is  shown  in 
the  SEM  in  Figure  4.  TiB2  grain  size  is  about  1-2  ym  with  nickel 
concentrated  at  the  triple  points. 

Titanium  Diboride  -  Aluminum  Nitride 

A  composite  of  TiB2/AlN  can  be  formed  by  the  reaction  of  TiN 
+  AlB2  — >  TiB2  +  AlN.  This  is  a  well  behaved  reaction,  not 
violently  exothermic  and  very  good  samples  are  routinely  made. 

A  property  comparison  of  conventionally  hot  pressed  TiB2/AlN 
and  RHP/SHS  TiB2/AlN,  shows,  in  all  cases,  that  the  properties  of 
the  RHP/SHS  TiB2/AlN  are  superior  to  the  conventionally  formed 
TiB2/AlN. 

Titanium  Diboride  -  Alumina 

There  is  much  interest  in  TiB2/Al203  compositions  due  to 
their  hardness  and  wear  resistance.  Two  reactions,  shown  below, 
have  been  used  to  successfully  make  TiB2/Al203  bodies: 

6  Ti02  +  AlBi2  +  7  a1  “>  6  TiB2  +  4  Al2°3  (D 

3  Ti02  +  3  B203  +  10  Al  — >  3  TiB2  +  5  Al^  (2) 

The  work  reported  here  used  the  first  reaction  shown  above. 
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Typical  microstructure  (SEM)  of  a  fracture  surface  is  shown  in 
Figure  5. 

Multilayer  Materials 

One  of  the  advantages  of  the  RHP  process  is  the  ability  to 
make  other  than  monolithic  materials;  for  examples,  multilayer 
compositions,  coated  parts,  graded  compositions.  Also,  the 
process  can  be  used  to  bond  together  similar  and  dissimilar 
materials. 

One  example  of  a  multilayer  material  is  RHP  TiB2/Al20^  layer 
with  non  RHP  zirconia  toughened  alumina  (ZTA).  Tape  cast  sheets, 
0.015 -inches  thick  are  layered  and  pressed,  the  binder  burned  out 
at  550°C,  and  hot  pressed  at  1450°C.  An  SEM  photomicrograph  of  a 
polished  section  of  a  layered  material  is  shown  in  Figure  6.  Note 
that  layers  can  be  of  different  thicknesses  and  that  the  layers 
are  well  bonded  to  one  another. 

An  example  of  a  coated  sample  is  shown  in  Figure  7.  The 
coating  is  TiB2/Al202»  and  it  was  reaction  hot  pressed  onto  an 
already  sintered  piece  of  zirconia. 

Figure  8  shows  photograph  of  several  parts  made  by  the  RHP 
process.  It  demonstrates  various  sizes  and  shapes  which  can  be 
made . 


SUMMARY 

It  has  been  demonstrated  that  a  broad  range  of  materials  with 
potentially  useful  properties  can  be  made  RHP/SHS.  Sample  size, 
powder  purity  and  particle  size,  heating  rate,  presence  of 
non-reacting  species,  and  atmosphere  affect  the  reaction  ignition 
temperature,  reaction  rate,  and  maximum  temperature  achieved. 
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These  factors  ultimately  control  the  phases  which  are  formed, 
grain  size  of  each  phase,  sample  density  and  porosity,  and  the 
physical  and  mechanical  properties. 
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2H1 


process . 


DIFFERENTIAL  THERMAL  ANALYSIS 
OF 

TiH2  ♦  AIB2 

Exothermic 


Figure  1 


Density,  gm/cc 


r 


MS  13 


In  Situ  Formation  of  SiC  and  SiC-C  Mocked  Solids 
by  Self  Combustion  Synthesis 
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Institute  of  Science  &  Technology,  Ryukoku  Univ.,  Kyoto,  Japan 
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ABSTRACT 


A  macroscopically  homogenous  SiC-C  solid  block  was  obtained  by  the  SfIS 
reaction  of  a  previously  shaped  carbon  material  and  molten  silicon.  The 
product  contained  about  30  mol%  of  0-SiC.  The  shape  and  the  size  of  the 
composite  were  almost  the  same  as  those  of  the  starting  carbon  material. 
Improvements  in  the  mechanical  properties  were  attributable  to  the  formation  of 
SiC  by  the  SHS  reaction. 
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In  Situ  Formation  of  SiC  and  SiC-C  Blocked  Solids 
by  Self  Combustion  Synthesis 

S.  Ikeda,  H.  Izawa*,  K.  Urabe  and  M.  Koizumi 

Institute  of  Science  &  Technology,  Ryukoku  Univ.,  Kyoto,  Japan 
Reserch  Laboratory,  Osaka  Cement  Co.,  Ltd.,  Osaka,  Japan 

1 .  Introduction 

Carbon  materials  not  only  have  high  electric  and  thermal 
conductivity,  high  heat  and  corrosion  resistance,  but  also  good 
lubrica’tive  nature  and  good  machinabi  1  ity.  These  superior 
properties  have  been  the  basis  for  practical  use  of  these 
matarials  in  applications  such  as  electrodes,  molds,  crucibles, 
refractory  materials,  and  so  on  (1  ).  However,  the  materials  have 
low  mechanical  strength  and  low  resistance  in  abrasion  and 
oxidation.  In  order  to  improve  these  weak  points,  carbon-ceramic 
composites,  especially  C-SiC  composite,  have  been  studied 
recently  (2).  On  the  other  hand,  se 1 f -propagating  High 
temperature  Synthesis  (SHS)  (3-6)  has  been  utilized  for  producing 
SiC.  In  these  processes,  SiC  was  formed  by  the  direct  reaction 
between  powdered  Si  and  C. 

This  paper  deals  with  in  situ  formation  of  a  C-SiC  composite 
by  the  SHS  process  by  reacting  a  blocked  solid  of  carbon  with 
molten  silicon.  The  purpose  of  this  study  is  to  describe  a 
process  to  form  a  C  and  SiC  composite  which  maintains  a  shape  of 
a  blocked  solid  of  carbon  used  as  a  starting  material. 
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2.  Experimental  Procedure 


Properties  of  carbon  and  silicon  materials  used  were  shown 
in  Table  1  and  Fig.  1  .  A  piece  of  silicon  was  put  on  the  cubic 
carbon  material  with  7  by  7  by  7  mm  in  size,  the  weight  ratio  of 
Si  and  C  being  0.7.  The  specimen  was  put  in  a  heating  apparatus 
shown  in  Fig. 2  .  Arc  discharge  was  made  between  a  graphite 
electrode  and  the  specimen,  argon  being  flowed  at  0.1  MPa  during 
heating.  The  reaction  was  able  to  be  observed  through  a  window 
with  a  glass  which  was  equipped  in  the  heating  apparatus. 
Crystal  phases  of  the  product  were  characterized  by  X-ray 
diffraction  (Rigaku  Co./  Rotaflex  RAD-RC  System  using  CuKa 
radiation).  The  amount  of  SiC  in  the  product  was  estimated 
gravimetrical ly  by  heating  the  product  at  1000  °C  in  air  for  one 
day. 

Microstructures  of  the  product  were  observed  by  SEM  (JEOL 
Co./  JSM-T20 ) ,  and  chemical  compositions  were  analyzed  using  EPMA 
(HORIBA.  LTD./  NEWMAX  1500).  Pore  distribution  in  the  starting 
carbon  material  and  the  product  was  measured  by  mercury 
'porosimeter  (CARLO  ERBA  STRUMENTAZIONE). 

3.  Results  and  Discussion 

The  reaction  proceeded  from  the  top  to  the  bottom  of  the 
specimen  as  schematically  represented  in  Fig. 3  .  The  silicon 
lump  and  the  carbon  cube  were  heated  by  the  arc  discharge  (Fig. i 

(1) ),  and  then  the  silicon  lump  was  melted  as  shown  in  Fig. 3 

(2) .  The  molten  silicon  seemed  to  be  viscous  at  first. 
Additional  heating  lowered  the  viscosity.  Subsequently,  the 
molten  silicon  started  to  be  soaked  into  the  carbon  cube(Fig.  3 
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(3)).  The  top  of  the  carbon  cube  began  to  glow  and  the  glowed 
part  was  propagated  toward  the  bottomfFig.  3  (3)).  The  arc 
discharge  was  stopped  when  the  glowed  front  reached  to  the  bottom 
of  the  cube(Fig.  .  3  (4)).  It  took  about  two  seconds  for  the 
glowed  front  passing  the  cube. 

The  properties  of  the  product  were  compared  with  those  of  a 
carbon  material  and  a  sintered  silicon  carbide  in  Table  2.  The 
color  of  the  product  was  grayish  black.  The  shape  and  the 
dimensions  of  the  product  were  almost  the  same  as  those  of  the 
starting  carbon  cube.  The  density  was  about  2.40  gcm-^.  The 
product  had  a  relatively  high  Mohs'  hardness (8-9 )  comparing  with 
the  carbon  material (2-3 )  as  shown  in  Table  2.  X-Ray  diffraction 
diagrams  of  the  starting  carbon  material  and  the  product  were 
depicted  in  Fig.  j  p  Intense  002  line  of  graphite  was  observed  at 
20=26.1°  on  the  diagram  of  the  carbon  material.  Three  weak  lines 
were  also  observed  at  20  =  42.5,  53.9  and  77.5°.  On  the  other 
hand,  sharp  diffraction  lines  of  6-SiC  were  observed  at  20=35.6, 
41.4,  60.0,  70.8  and  75.5°  with  the  002  line  of  graphite  on  the 
diagram  of  the  product.  Very  weak  lines  of  silicon  were  also 
detected  at  20=28.4,  47.3  and  56.1°.  These  results  showed  that 
the  product  consisted  of  C,  B-SiC  and  a  small  amount  of  Si.  A 
surface  and  a  cross  section  of  the  product  were  observed  by  SEM 
and  EPMA(Fig.  4).  The  results  are  shown  in  Figs.  4  (1)  and  4 
(2).  Fig.  4  (2)  showed  that  the  molten  silicon  was  soaked 
thoroughly  into  the  inside  of  the  carbon  cube.  The  Si 
distribution  in  the  product  was  not  homogeneous  microscopica 1 1 y 
as  shown  in  Figs.  4  (3)  and  4  (4).  Silicon  consentrated  in  the 
pore  walls  making  a  network-structure  in  the  carbon  material. 


3 


The  Si  component  should  combine  with  carbon  to  form  8-SiC  which 
was  detected  by  X-rays.  The  amount  of  g-SiC  in  the  product  was 
roughly  estimated  to  be  30  mol%  by  oxidizing  carbon  in  the 
product  at  1000  °C  in  air  for  1  day. 

Pore  distributions  were  measured  on  the  starting  carbon 
material  and  the  product.  The  number  of  pores  750-7500  nm  in 
size  decreased  markedly  after  the  reaction.  The  total  pore 
volume  was  reduced  to  less  than  1/10.  From  those  evidences 
mentioned  above,  the  reaction  process  was  considered  to  be  as 
follows.  The  molten  Si  soaked  into  a  carbon  material  along  the 
open  pores  and  reacted  with  carbon  at  the  surface  layer  of  the 
pores.  The  product  (SiC-C  blocked  solid)  expanded  0.6  %  in 
length  after  the  reaction  although  the  volume  per  mol  of  B-SiC  is 
about  2.4  times  as  large  as  that  of  carbon  (7).  No  visible 
cracks  were  observed  on  the  surface  of  the  product.  The 
increased  volume  was  able  to  be  calculated  to  be  comparable  to 
the  volume  of  open  pores  in  the  carbon  material.  This  result 
suggests  that  the  amount  of  SiC  in  the  product  depends  on  the 
pore  volume  of  the  carbon  materials. 
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Figure  Captions 

Fig.  1  X-ray  diffraction  diagrams  of  carbon  material  and  product. 

Fig.  2  Schematic  drawing  of  heating  apparatus 

Fig.  3  Schematic  representation  of  reaction  process 

Fig.  4  SEM  and  EPMA  photographs  of  a  cross  section  of  product. 

(1)  and  (2)  and  (3)  and  (4)  are  the  same  field.  Bright  points  on 

(2)  and  (4)  show  Si. 

Table  Captions 

Table  1  Some  properties  of  starting  materials 

Table  2  Properties  of  product,  carbon  material  and  sintered  silicon  carbide 
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Schematic  drawing  of  heating  apparatus 
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Schematic  representation  of  reaction  process 
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POWDER  PURITY  AND  MORPHOLOGY  EFFECTS  IN 
COMBUSTION  SYNTHESIS  REACTIONS 

L.J.  Kecskes,  T.  Kottke,  and  A.  Niiler 
Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD.  21005,  USA 

ABSTRACT 

Solid  and  gaseous  impurities  evolved  during  combustion  synthesis  reactions 
were  measured  for  green  compacts  made  with  as -received  and  vacuum  outgassed  Ti+C 
powders.  The  purity  and  morphology  of  these  powders  affect  both  the  reaction 
dynamics  and  the  properties  of  the  product.  Vacuum  baking  was  found  to  improve 
interparticle  bonding  and  reduce  sample  porosity. 

INTRODUCTION 

Combustion  Synthesis  is  a  well  known  method  of  producing  ceramic  materials 
from  their  constituent  powders.  Once  ignition  is  achieved,  the  heat  release 
from  such  exothermic  combustion  processes  is  sufficient  to  propagate  a  combus¬ 
tion  front  through  the  powder  compact  and  to  completely  consume  the  reactant 
powders.  Such  reactions  occur  at  a  temperature  above  2000  C  which  is  high  enough 
to  cause  the  evolution  of  most  impurities  found  on  the  reactants.  The  evolution 
is  visible  in  the  form  of  a  prominent  flame  that  consists  of  both  condensable 
and  non-condensable  reactant  impurities.  At  the  high  reaction  temperatures, 
the  evolution  process  may  be  so  violent  that  it  can  have  deleterious  effects  on 
the  structural  integrity  of  the  final  ceramic  product. 1,2 

The  objectives  of  this  investigation  have  been  to  determine  the  identities 
of  the  reactant  impurities  and  the  effect  that  their  volatilization  has  on  the 
reaction  dynamics  as  well  as  on  the  product  structure.  These  objectives  were 
accomplished  by  measuring  both  non-condensable  and  condensable  species  given 
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off  by  the  reacting  Ti-C  system. 

EXPERIMENTAL  PROCEDURE 

Cylindrical  Ti+C  green  compacts  were  made  from  stoichiometric  mixtures  of 
as-received  titanium  and  graphite  powders.  The  compacts  were  reacted  in  a 
chamber  fitted  with  a  removable  collection  chamber  to  allow  the  measurement  of 
the  non-condensable  impurities  given  off  during  the  reaction.  A  tungsten  fila¬ 
ment  was  used  to  both  vacuum  bake  and  initiate  the  reaction.  Prior  to  ignition, 
the  reaction  and  collection  chambers  were  pumped  down  to  a  base  pressure  of  13 
mPa  and  then  backfilled  with  argon  to  a  pressure  of  130  Pa.  The  argon  provided 
an  absolute  standard  against  which  the  amounts  of  non-condensing  species  could 
be  calibrated.  The  experimental  details  are  described  in  Ref.  3. 

Two  types  of  experiments  to  measure  the  non-condensables  were  carried  out 
in  the  reaction  chamber.  In  the  first  experiment,  the  compacts  were  ignited 
without  previous  outgassing.  In  the  second  experiment,  the  compacts  were  first 
vacuum  baked  for  10  minutes,  allowed  to  cool  to  room  temperature,  and  ignited 
after  the  argon  backfill.  After  each  reaction,  the  non-condensed  gases  in  the 
collection  chamber  were  analyzed  with  a  Residual  Gas  Analyzer  (RGA).  Experiments 
to  measure  the  condensing  species  were  also  carried  out  in  the  chamber.  The 
solid  residue,  ejected  from  the  reacting  samples,  was  collected  as  coatings  on 
aluminum  targets  placed  3  to  4  cm  away  from  the  sample.  This  collection  took 
place  during  the  reaction  of  both  unbaked  and  baked  samples. 

The  condensate  morphology  and  the  interior  microstructure  and  fracture 
characteristics  of  the  TiC  reaction  products  were  examined  with  scanning  elec¬ 
tron  microscopy.  Additionally,  three  Ion  Beam  Analysis  methods  were  used  on 
the  coatings  produced  by  the  reactions  from  the  baked  and  unbaked  samples.  The 
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first,  Proton  Induced  X-Ray  Excitation  (PIXE),  was  used  for  a  qualitative  ele¬ 
mental  identification.  The  second,  Rutherford  Backscattering  Spectroscopy 
(RBS),  was  used  to  quantitatively  depth  profile  the  structure  of  the  coatings. 
The  third  method  was  Nuclear  Reaction  Spectroscopy  (NRS).  The  description  of 
the  RBS  and  NRS  techniques,  along  with  the  computer  code  PROFILE  used  to  analyze 
the  raw  data,  are  given  in  Ref.  4. 

RESULTS  AND  DISCUSSION 

1.  Non-Condensable  Impurities  from  the  Reaction 

The  impurity  gases  ejected  during  the  reaction  consisted  predominantly  of 
H2,  CO,  02,  C02,  and  hydrocarbons.  These  results  agree  with  previous  investi¬ 
gations  that  find  H2  and  CO  as  the  major  contaminant  species.5  While  baking 
considerably  reduces  the  amount  of  evolved  gas,  the  impurities  detected  in  the 
reaction  are  identical  to  those  detected  on  the  reactant  powders.6  The  origin 
of  these  gases  is  almost  certainly  the  evolution  of  impurities  from  the  reac¬ 
tants  rather  than  any  synthesis  reaction  occurring  during  the  SHS  process.  H2 
is  from  the  decomposition  of  Ti H2  and  02  is  from  the  Ti02  in  the  Ti  powder.  The 
CO,  C02,  and  hydrocarbons  are  mainly  from  the  graphite. 

2.  Condensable  Impurities  from  the  Reaction 

Figure  1  shows  the  morphology  of  the  reaction  ejecta  from  the  unbaked  and 
baked  reactions.  The  coating  from  the  unbaked  sample  contains  two  types  of 
particles.  The  first  type  consists  of  extremely  fine  and  uniform  soot-like 
particles  (-50  nm).  The  second  is  irregular,  about  10  to  30  m  in  size.  The 
larger  particles  are  probably  reacted  TiC  fragments  that  are  ejected  by  the 
violent  gas  flow.  The  coating  from  the  baked  sample,  however,  is  made  up  of 
soot-like  particles  only.  Since  the  soot-like  particles  from  both  samples  are 


070. 


3 


identical  in  appearance,  the  absence  of  larger  reacted  particles  from  the  baked 
sample  is  most  likely  caused  by  the  gentler  reaction  in  that  case. 

The  PIXE  spectra  for  the  two  samples  show  the  elements  Na,  A1 ,  Si,  S,  Cl, 
K,  Ca,  Ti,  Cr,  Mn,  Fe,  Ni,  Cu,  and  W.  The  sources  of  these  elements  are:  the 
precursor  powders,  the  filament,  the  aluminum  substrate,  and  the  specimen  stage 
holding  the  green  compact.  Results  of  the  Ion  Beam  Analysis  for  the  baked  sample 
is  summarized  in  Fig.  2  with  the  NRS(2b)  and  RBS(2c)  data  along  with  the  computed 
fits  to  these  data  using  the  concentration  profiles  of  the  elements  shown  in 
Fig.  2a.  Similar  data  and  fits  were  obtained  for  the  unbaked  sample. 

The  elements  of  oxygen,  carbon,  titanium,  calcium,  and  chlorine  appear  on 
the  coating's  surface.  The  atomic  ratios  of  Ti  and  0  are  1  to  2  which  is  right 
for  Ti02  with  the  excess  oxygen  being  tied  up  as  A1203.  If,  however,  the  assign¬ 
ment  of  the  titanium  went  to  TiC,  a  possibility  which  seems  in  line  with  the  Ti 
and  C  concentration  numbers,  the  oxygen  on  the  outer  surface  layers  must  be 
explained.  Since  oxygen  cannot  remain  unbound,  the  assignment  of  the  oxygen  to 
the  titanium  is  the  only  possibility.  The  Ti02  may  originate  in  one  of  two 
ways.  First,  it  may  be  simply  the  oxide  layer  blowing  off  the  Ti  powder  during 
the  reaction  and  attaching  to  the  aluminum  target.  Second,  it  may  be  due  to 
the  oxidation  of  any  titanium  that  was  blown  out  of  the  reacting  sample  and 
remaining  on  the  aluminum  surface.  The  source  of  oxygen  for  this  second  case 
would  be  either  the  dissociated  oxide  from  the  Ti  powder  or  from  the  small  amount 
of  residual  oxygen  in  the  reaction  chamber.  The  carbon  can  now  be  attributed 
to  some  of  the  carbon  powders  in  the  sample  being  blown  to  the  aluminum  substrate 
by  the  action  of  the  volatile  gases  during  the  reaction. 

3.  Sample  Structures 

TiC  samples  resulting  from  the  baked  and  unbaked  compacts  were  examined 
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for  interior  microstructure  and  fracture  characteristics.  Polished  surfaces 
of  the  unbaked  and  baked  samples  do  show  some  differences  in  their  resultant 
microstructures  (see  Fig. 3).  In  the  figure,  the  light  areas  are  void-free  TiC 
and  the  darker  areas  are  open  pores.  The  unbaked  sample  shows  TiC  regions 
dispersed  with  open  and  interconnected  porosity.  An  equivalent  region  of  the 
baked  sample  shows  larger  areas  of  TiC  with  pores  that  are  somewhat  smaller 
than  those  in  the  unbaked  sample.  Several  Knoop  hardness  measurements  of  fully 
dense  areas  of  the  baked  sample  yielded  values  at  or  above  12.7  GPa.  This  value 
approaches  the  hardness  of  fully  dense  hot  pres  i  TiC.6  No  successful  hardness 
measurements  could  be  made  on  the  unbaked  sample  because  the  grains  always 
collapsed  under  the  indentor. 

At  room  temperature,  both  TiC  samples  failed  by  transgranular  fracture. 
As  seen  in  Fig.  4,  the  structures  are  relatively  coarse  in  character,  however 
the  intergrain  bonding  in  the  baked  sample  is  improved.  This  is  evident  in  the 
increased  number  of  cleavage  steps  and  the  absence  of  pullouts.  Further  exa¬ 
mination  of  pore  interiors  gives  a  better  insight  into  the  failure  of  these 
samples.  In  the  unbaked  sample,  the  grains  lining  pore  walls  are  well  defined 
with  a  small  amount  of  sintering  present.  In  the  baked  sample,  however,  the 
grains  have  sintered  to  a  greater  degree,  giving  an  almost  melted  appearance. 
This  difference  between  baked  and  unbaked  samples  can  be  explained  as  follows. 
When  the  precursors  are  contaminated  with  impurities,  heat  is  lost  as  the  impu¬ 
rity  gases  are  heated  to  high  temperatures  and  driven  out  of  the  reaction  zone. 
Because  of  the  greater  amount  of  impurities  in  the  unbaked  sample,  the  net 
porosity  due  to  the  force  cf  the  exiting  gases  is  greater  and  because  less  heat 
is  retained,  the  sinterin''  r  particles  is  less  effective.  The  relatively  high 
hardness  values  of  large  TiC  grains  in  the  baked  sample  confirm  that  the  inter- 


particle  bonds  that  result  from  more  sintering  and  less  disruption  by  gas  flow 
improve  the  local  strength  of  the  material. 

SUMMARY 

This  experiment  has  identified  several  impurities  from  the  TiC  combustion 
synthesis  process.  The  non-condensable  species,  in  their  order  of  importance, 
are  H20,  H2,  02,  CO,  C02,  and  a  variety  of  hydrocarbons.  The  condensable  species 
consist  of  Ti02  and  carbon.  The  evolution  of  contaminant  species  create  inter¬ 
nal  pressures  that  not  only  counteract  the  sintering  process  but  also  increase 
the  sample  porosity,  and  as  a  result,  degrade  the  mechanical  properties  of  the 
ceramics.  The  structural  disruption  of  the  reacting  sample  may  be  prevented  if 
most  of  non-condensable  impurities  are  purged  in  a  vacuum  oven  in  several  hours 
at  temperatures  in  the  500  C  range.  However,  the  condensables  of  carbon  and 
Ti02,  as  well  as  the  oxygen  released  from  the  Ti02,  cannot  be  purged  at  any 
reasonable  bakeout  temperature. 
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FIGURE  CAPTIONS 

Fig.  1.  Microstructures  of  the  particulates  ejected  during  the  TiC 
reaction,  la  for  the  unbaked  and  lb  for  the  baked  samples. 

Fig.  2.  Elemental  concentration,  NRS,  and  RBS  spectra  for  TiC  reaction 
effluent. 

Fig.  3.  Polished  surfaces  of  the  TiC  reaction  products  with  3a  showing 
the  unbaked  sample  and  3b  showing  the  baked  sample. 

Fig.  4.  Fractographs  of  the  samples.  4a  shows  the  fracture  surface  of 
the  unbaked  sample  and  4b  shows  that  of  the  baked  sample. 
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ABSTRACT 

The  gas-pressure  combustion  sintering  is  a  new  reaction 
sintering  process  to  synthesize  and  density  the  ceramics 
simultaneously  and  rapidly  under  isostatic  pressure.  By  this 
method,  the  dense  ceramics  of  TiB2  (Ti^B^,  TiB)  and  TiCx  (x=0.5~ 
0.8)  and  the  composites  of  TiC+Ni  (  _>  1  Owt  %  )  have  been  fabricated 
from  their  elemental  powders  under  A**  gas  pressures  below  lOOMPa. 
This  process  has  large  potentials  not  only  for  the  mass 
production  of  near-net  shape  components  but  also  for  the 
production  of  a  vari^'y  of  new  material  complexes  in  the  ceramic- 
ceramic  and  ceramic-metal  systems. 


Introduction 

The  self-propagating  high  temperature  synthesis  (SHS)*\ 
also  called  combustion  synthesis,  is  known  as  a  highly  exothermic 
reaction  which  is  spontaneously  propagating  through  the  reactant 
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converting  into  the  compound  without  gasification.  Many 
refractory  materials  of  borides,  carbides,  nitrides  and  silicides 
having  high  formation  energies  are  easily  formed  by  igniting  the 
mixed  powders  of  their  constituent  elements. 

When  the  SHS  is  carried  out  under  pressure,  it  is  expected 

that  the  product  can  be  densified  simultaneously  with  the 

synthesis.  Recently,  a  new  process  using  gas  pressure  has  been 
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devised  for  the  combustion  sintering  .  The  isostatic  gas 
pressure  is  useful  to  offset  disadvantages  of  the  other 

pressurizing  systems.  In  this  paper,  the  process  of  gas- 

pressure  combustion  sintering  and  its  application  to  materials 
development  are  described. 

Process  Development  of  Gas-Pressure  Combustion  Sintering. 

Figure  1  shows  a  schematic  of  the  interior  of  an  autoclave 
for  the  gas-pressure  combustion  sintering.  In  this  way,  the 
reactant  is  vacuum-sealed  into  a  glass  container  just  like  as  the 
glass  encapsulation  method  for  HIP,  and  embedded  into  the 
ignition  agent  which  is  charged  in  a  graphite  crucible.  This 
sample  assemblage  is  placed  at  the  center  of  the  autoclave  in 
which  a  furnace  to  heat  the  glass  container  and  a  heater  to 
ignite  the  ignition  agent  are  installed  as  seen  in  Fig.l.  The 
combustion  reaction  of  reactant  is  initiated  by  the  exothermic 
heat  of  the  surrounding  ignition  agent.  The  combustion 

sintering  is  carried  out  as  follows.  First,  the  inside  of 
pressure  vessel  is  heated  to  about  973K  in  order  to  make  the 
container  of  pyrex  glass  soften.  Then,  the  Ar  or  ^  gas 

pressure  is  applied  to  an  appropriate  level  usually  below  100 
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MPa,  and  the  ignition  agent  is  burned  by  passing  a  current  of  100 
Amps  for  3  seconds  through  an  ignition  heater. 


The  green  compact  of  reactant  and  the  glass  capsule  are 
coated  with  BN  powder  to  protect  the  capsule  from  the  reactions 
with  reactant  and  ignition  agent.  As  a  material  for  ignition 
agent,  the  mixed  powder  which  produces  the  strong  combustion 
reaction  is  used.  Many  kinds  of  ignition  agents  would  be 
available  and  the  products  can  be  used  as  ceramic  powders.  At 
present,  a  mixed  powder  of  Ti  and  C  is  used,  which  produces  high 
temperature  of  3210K  equivalent  to  the  melting  point  of  TiC. 

Figure  2  is  a  photograph  showing  the  green  body,  glass 
encapsulated  sample  and  product  for  TiC+Ni  (  20wt%  )  composite. 


It  is 

expected 

that 

the  use  of 

isostatic 

gas  pressure  and 

ignition 

agent 

would 

lead 

the 

combustion 

sintering 

to  an 

economic 

process 

to 

realize 

mass 

production 

of  near-net 

shape 

components . 

Application  to  Materials  Development 

Nearly-full  dense  ceramics  and  ceramic  composites  of  TiB^, 
TiCx  and  TiC+Ni  have  been  obtained  from  their  elemental  powders 
under  Ar  gas  pressure  of  100  MPa  by  the  gas-pressure  combustion 
sintering  . 

For  TiB2  ceramics,  the  reactant  of  Ti  and  B  powders  mixed 
with  the  stoichiometric  1  :  2  composition  is  difficult  to  be 
densified,  but  the  addition  of  excess  Ti  enhances  the 
densi f ica t ion .  In  this  case,  it  is  noted  that  Ti  metal  does  not 
remain  in  the  sintered  body.  The  products  are  composed  of  TiB2 
with  additional  phases  of  Ti^B^  and  TiB,  which  increase  with 


excess  Ti.  The  liquid  phases  of  Ti^B^  and  TiB  having  lower 

melting  points  than  HB2  seem  to  enhance  the  densi f  ica  t  ion . 

Figure  3  shows  the  density  of  sintered  bodies  depending  on  the 

excess  titanium  when  the  combustion  sintering  was  carried  out  at 

lOOMPa.  The  relative  density  is  calculated  against  the 

3 

theoretical  one  for  TiB^CA , 53g/cm  )  since  the  densities  of  TiB^, 

TigB^,  TiB  and  Ti  are  almost  the  same  value.  The  density  reaches 

up  to  99%  when  20wt%  excess  Ti  was  added  into  the  reactant.  The 

titanium  boride  composites  with  excess  Ti  added  more  than  10wt% 

can  be  densified  over  97%  of  theoretical  at  40MPa. 

These  boride  ceramics  exhibit  notable  microstructures 

reflecting  the  unique  sintering  process.  The  detailed  analysis 
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is  given  in  our  separate  report  . 

Figure  4  is  a  SEM  photograph  for  the  fractured  surface  of  the 
compact  with  larger  grains  of  a  few  jx  m  size  and  smaller 
submicron  ones  dispersed,  showing  that  the  grains  bonded  tightly 
and  the  fracture  occurred  by  both  transgranular  and  intergranular 
modes.  The  sintered  body  had  the  Vickers  micrcnardness  of  19GPa 
and  the  fracture  toughness  of  5.6MPa'/""rn  when  fabricated  from  the 
reactant  with  10wt%  excess  Ti  at  40  MPa. 

In  the  case  of  TiC  ceramics,  the  fully  densified  compacts 
were  fabricated  in  the  composition  range  of  TiCx  (  0.5  £,  x  £0.8  ) 
without  additives  at  lOOMPa.  Figure  5  shows  the  relative 
densities  depending  on  the  starting  compositions,  which  are 
calculated  against  the  theoretical  densities  for  each 
composition.  Each  reactant  with  x  <_  0.8  converted  entirely  into 
the  single  phase  of  TiCx,  but  a  small  amount  of  carbon  remained 


at  the  grain  boundary  when  reaching  near  to  the  unstable 
stoichiometric  composition  of  TiC(x=l),  and  the  residual  carbon 
inhibited  the  densif ication . 

Metal  addition  is  useful  to  densify  the  product  and  improve 
the  toughness.  Figure  6  shows  the  fractured  surface  of  TiC  +  Ni 
(  10wt%  )  compacts  which  was  densified  to  99.6%  of  theoretical  at 
lOOMPa.  Molten  nickel  scarcely  reacted  and  located  at  the  grain 
boundary,  especially  at  the  triple  points.  Figure  7  shows  the 
dependencies  of  Vickers  microhardness  and  fracture  toughness  on 
nickel  content  for  the  fully  densified  composites  at  lOOMPa. 

This  is  the  cases  that  the  metal  composition  is  dispersed 
homogeneously  in  the  sintered  body.  On  the  other  hand,  it  is 
possible  to  change  the  metal  composition  heterogeneously  in  the 
ceramic  matrix  because  the  compositional  configuration  prepared 
in  the  green  body  remains  due  to  the  rapid  wave  propagation  of 
combustion  reaction.  Figure  8  shows  the  dense  product  consisting 
of  a  surface  layer  of  TiC  with  nickel  concentration  increasing  to 
30  wt%  toward  the  other  end  of  the  compact.  This  ability  of  the 
gas-pressure  combustion  sintering  can  be  applied  to  fabricate  so- 
called  Functionally  Gradient  Materials  (  FGM  )  which  is  the 
new  composite  materials  consisting  of  a  surface  layer  of 
refractory  ceramics  with  a  metal  phase  continuously  increasing 
within  the  ceramic  matrix.  The  FGM  is  expected  as  a  unique  high 
temperature  material  having  low  internal  thermal  stress, 
toughened  body  and  easiness  in  bonding  to  metal  component. 

Summer  y 

The  combustion  sintering  can  produce  the  dense  monolithic 


ceramics  of  borides  and  carbides.  However,  it  is  better  suited 
for  the  ceramic  and  ceramic-metal  composites  as  mentioned  before. 

The  process  melts  at  least  a  part  of  the  reactant  and  product  by 
the  highly  exothermic  heat  of  2000  ^SOOO^C  and  consolidates  or 
fuses  the  complex  synthesized  under  pressure.  This  is  just 
"Ceramic  Alloying  Process". 
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Figure  Captions 


Fig.  1.  Schematic  of  the  experimental  apparatus  for  the  gas- 
pressure  combustion  sintering. 

Fig.  2.  Appearance  of  sample  preparation  and  product,  a  green 
body  (left),  glass  encapsulated  sample  (center)  and 
sintered  body  (right)  for  TiC+20wt%Ni  composite  (99% 
density  of  theoretical). 

Fig.  3.  Density  of  titanium  boride  composites  as  a  function  of 
starting  composition.  The  samples  were  fabricated  at 
lOOMPa. 

Fig.  4.  SEM  photo  of  fractured  surface  of  titanium  boride 

composite  fabricated  from  the  reactant  with  10wt%  excess 
Ti  at  lOOMPa. 

Fig.  5.  Relative  densities  of  titanium  carbide  ceramics 
depending  on  the  starting  compositions. 

Fig.  6.  SEM  photo  of  fractured  surface  of  TiC+10wt%Ni  composite 
fabricated  at  lOOMPa, 

Fig.  7.  Vickers  microhardness  and  fracture  toughness  for  TiC+Ni 
composites  as  a  function  of  nickel  content.  The  samples 
were  fabricated  at  lOOMPa. 

Fig.  8.  Dense  TiC-based  composite  with  heterogeneously 

distributed  metal  phase.  The  top  surface  layer  consists 
of  TiC  and  nickel  concentration  increases  to  30wt%  with 
10wt%  step  toward  the  bottom  end. 


pressure  combustion  sintering. 


2.  Appearance  of  sample  preparation  and  product,  a  green 
body  (left),  glass  encapsulated  sample  (center)  and 
sintered  body  (right)  for  TiC+20wt%Ni  composite  (99% 


density  of  theoretical). 
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Density  of  titanium  boride  composites  as  a  function 
starting  composition.  The  samples  were  fabricated 
lOOMPa. 


1 


Fig.  4.  SEM  photo  of  fractured  surface  of  titanium  boride 

excess 


composite  fabricated  from  the  reactant  with  10wt% 
Ti  at  lOOMPa. 
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depending  on  the  starting  compositions. 
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Vickers  nncrohardness  Hv  (GPa) 


Vickers  microhardness  and  fracture  toughness  for  TiC^Ni 
composites  as  a  function  of  nickel  content.  The  samples 
were  fabricated  at  1 OOMPa . 


•  8  *  Dense  TiC-based  composite  with  heterogeneously 

distributed  metal  phase.  The  top  surface  layer  consists 
of  TiC  and  nickel  concentration  increases  to  30wt%  with 
10wt%  step  toward  the  bottom  end. 
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The  Use  of  Self*Propagating  High  Temperature  Synthesis  of  High  Density 
Titanium  Diboride 


P.D.  ZAVITSANOS,  JJ.  GEBHARDT,  AND  A.  GATTI 
General  Sciences,  Incorporated 
655  South  Gravers  Road 
Plymouth  Meeting,  PA  19462 

Preliminary  results  of  an  experimental  program  aimed  at  synthesizing  titanium  diboride  tiles 
up  to  one  inch  thick  by  SHS  under  uniaxial  pressure  are  presented.  Specimens  up  to  3’ 
diameter  and  4*  x  4*  with  densities  up  to  95%  were  fabricated  from  mixed  titanium,  boron  and 
nickel  powders.  The  influence  of  experimental  variables  on  integrity,  uniformity,  structure 
and  related  material  properties  will  be  discussed. 

INTRODUCTION 

Hard  ceramics  including  TiB2  produced  by  conventional  methods  such  as  sintering  and  hot 
pressing  require  expensive  high  temperature  process  steps  and  machining  which  add  significant 
cost  to  the  material. 

The  use  of  exothermic,  self-propagating  reactions  (SHS),  has  recently  received  interest 
especially  by  the  Soviets  to  form  high  purity  refractory  compounds  especially  in  the  boride  and 
carbide  systems.  The  cost  effective  production  of  abrasive  compounds,  cutting  tools  and  hard, 
strong,  and  dense  refractory  materials  has  been  claimed. 

Most  of  the  advantages  of  the  SHS  Process  have  been  discussed  by  the  Soviets  as  well  as  by 
the  U.S.  community  and  center  on  the  following: 

1 .  No  significant  process  heat  necessary. 

2.  Material  can  be  shaped  during  the  reaction  and,  therefore,  requires  minimum 
machining  oosts. 

3.  The  temperatures  generated  during  the  reaction  (~3900K  as  measured  by  radiometry 
in  this  laboratory)  are  higher  than  conventional  techniques,  and  can  thus,  in  principle, 
provide  higher  purity  compounds. 

4.  The  higher  process  temperature  and  melting  in  some  cases,  can  favorably  influence 
microstructure  and  other  significant  properties. 

Lightweight  ceramics  which  can  be  prepared  by  SHS  reactions  are  being  considered  as 
candidates  for  armor,  and  limited  testing  to  date  has  identified  the  generic  properties  which  can 
maximize  armor  performance.  They  are  as  follows: 
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1.  Honest  Chemical  Purity 

2.  High  Microhardness 

3.  High  Young  Modulus 

4.  High  Weibull  Modulus  (High  Fracture  Toughness) 

5.  Grain  Size  less  than  20pm 

6.  Low  Poisson's  Ratio 

7.  Flexure  Strength  (does  not  correlate) 

In  the  early  80's,  Zavitsanos^)  and  his  group  were  the  first  to  synthesize  high  density 
T®2  in  relatively  massive  form  using  the  self-propagating  high  temperature  synthesis  (SHS) 

by  providing  heat  externally  only  for  initiation  of  Ti/2B  mixtures,  and  applying  pressure 
simultaneously.  The  density  was  97%  of  theoretical  and  the  hardness  exceeded  that  of 
commercially  available  hot  pressed  samples. 

the  work  was  continued  with  ARMY/MTL  funds  and  a  more  comprehensive  study  was 
carried  out  on  synthesis  parameters  and  material  characterization^). 

The  results  of  the  reaction  thermochemistry  reported^  -2)  indicate  that  the  calculated 
adiabatic  temperature  of  3600BK,  obtained  in  the  reaction 

Ti(s)  +  2B(s) - >  TiB2(S)  +  AH 

exceeds  the  melting  point  of  TiB2,  reported  as  around  3200K(3).  Studies  of  the 
microstructure  of  the  reaction  pressings  confirmed  that  a  liquid  phase  is  present  during  the 
process,  and  the  reaction  is  in  a  liquid  +  TiB2  phase  filed.  Electron  microprobe  results  confirm 

that  liquid  phases  must  be  present  and  secondary  phases  (possibly  TiB  and  Ti)  and  contaminants 
(Si,  Fe),  are  rejected  from  the  liquid  as  the  mass  cools  and  are  located  at  pore  surfaces  and  as 
inclusion  in  the  TiB2  matrix. 

Stoichiometric  and  excess  Ti  powder  mixes  react  to  form  TiB2  with  total  metal  impurities 
0.57  to  0.75%.  The  formation  of  a  liquid  during  the  reactions  is  a  desirable  situation  and  rapid 
densification  is  readily  accomplished. 

Reaction  pressing  in  graphite  dies  was  used  to  form  a  finished  sample  1 .75"  in  diameter 
by  at  least  1/8"  thick.  The  graphite  die  assembly  with  a  carbon-carbon  filament  wound 
"strongback'  retaining  ring  contained  the  compact  during  processing  in  a  furnace  atmosphere  of 
flowing  N2  or  argon  and  v.  ,ih  an  applied  force  of  15,000  pounds.  Figure  1  shows  a  typical 
temperature-pressure-time  pvi  „  used  to  synthesize  and  density  TiB2  from  the  elemental 
powder  mixes. 
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Properties  of  the  T1B2  obtained  during  these  studies  are  listed  in  Table  1  and  were 
sufficiently  encouraging  to  exploit  the  possibility  of  utilizing  the  heat  of  reaction  alone  for 
densification  and  development  of  desirable  structural  properties.  This  would  avoid  the 
requirement  of  extensive  furnace  investment,  associated  energy  expenditure  and  long  processing 
times  and  enable  a  relatively  low  cost,  big  throughput  fabrication  process  to  be  developed  for 
TiB2  tiles  of  useful  size.  The  work  described  in  this  paper  is  directed  toward  that  end. 
EXPERIMENTAL  PROCEDURE 

Elemental  powders  used  in  fabricating  SHS-TiB2  have  included  the  following: 


Titanium 

99.7% 

325  mesh 

AEE* 

Boron  (cryst) 

99.5% 

325  mesh 

AEE 

Boron  (amorph) 

94.5% 

3-5^im 

Boron  (amorph) 

>99% 

<1|im 

Cattery  Chemical  Co. 

Nickel 

99.5% 

325  mesh 

Chem-Alloy,  Inc. 

•Atlantic  Equipment  Engineers,  Bergenfield,  N.J. 

Nickel  is  added  in  varying  amounts  (up  to  12  W/O)  to  achieve  a  longer  melting  time  and  to 
improve  bonding  and  toughness.  The  major  impurity,  aside  from  absorbed  surface  species, 
appears  to  be  magnesium,  present  at  5.5%,  in  AEE  amorphous  boron  according  to  the  vendor's 
analysis.  This  may  vary  from  batch  to  batch,  however. 

The  procedure  consists  of  loading  the  mixed  and  heat-treated  powders  into  the  mold,  shown 
-  in  Figure  2  and  previously  lined  with  grafoil®,  inserting  the  fuse  fixture  consisting  of  a 
pyrotechnic  wire  oompressing  the  charge  to  a  selected  pressure  level  using  the 
comparison-load  correlation  shown  in  Figure  3  and  igniting  the  mixture.  To  limit  experimental 
complexity,  a  standard  uniaxial  pressure  of  about  1200  psi  has  been  used.  In  certain  cases,  the 
piston  has  been  stopped  mechanically  when  it  reaches  a  point  predetermined  to  be  about  the 
thickness  of  a  specimen  with  close  to  theoretical  density.  The  fuse  is  located  so  that  the  piston 
covers  the  fuse  hole  as  soon  as  possible  after  firing.  The  fuse  is  activated  electrically  and  the 
reaction  recorded  on  videotape  for  subsequent  visual  evaluation,  particularly  regarding  overall 
performance,  relative  burning  time  and  extent  of  material  loss.  After  cooling,  the  specimen  is 
removed  by  pressing  the  mold  past  it  using  a  laboratory  press,  with  the  grafoil  liner  providing 
sufficient  lubrication  to  recover  the  product.  Specimens  up  to  3"  diameter  and  4"  x  4"  have 
been  fabricated  in  varying  thicknesses  up  to  one  inch,  usually  with  the  aim  of  obtaining  plate 
material  at  least  0.5  in.  thick  for  subsequent  characterization. 
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RESULTS 


Prior  to  incorporation  of  a  two  hour  heat  treatment  at  5008C  in  flowing  argon,  most  runs 
yielded  low  density,  porous  products  or  tiles  that  were  dense  but  considerably  thinner  than 
would  be  expected  from  the  quantity  of  powder  placed  in  the  die.  This  was  due  to  entrapment  of 
absorbed  gases  and  oxides  on  both  the  boron  and  titanium  or  loss  of  part  of  the  charge  by 
explosive  expulsion  of  the  gas  through  gaps  between  the  piston  and  cylinder  of  the  die.  After 
outgassing,  loss  of  material  was  reduced  and  densities  were  usually  above  90%  of  theoretical. 

In  nearly  all  cases,  the  tiles  were  found  to  have  broken  into  three  or  more  parts;  the  presence  of 
whiskers  and  oxidized  regions  on  the  fractured  surfaces  suggests  fracture  occurred  at  a 
temperature  high  enough  for  such  growths  to  occur.  Stringers  or  solidified  small  rivulets  of  a 
white  glassy  material  were  sometimes  seen  possibly  the  result  of  oxides  on  the  titanium 
partic^s. 

In  several  instances,  regions  of  unreacted  powder,  probably  boron,  were  found  at  the  edges 
and  comers  of  the  tile  farthest  from  the  initiating  charge.  Addition  of  excess  titanium  overcame 
this  in  some  cases, m  but  was  not  universally  helpful,  suggesting  that  the  balance  between  the 
rate  of  reaction,  i.e.,  heat  generation  and  loss  of  heat  to  the  mold  parts  was  not  optimal.  These 
regions  were  found  to  consist  largely  of  boron,  identified  by  inference  from  the  large  amorphous 
shoulder  at  the  low  mass  end  of  the  EDAX  trace,  plus  magnesium,  the  major  contaminant  in  the 
starting  powder,  as  well  as  some  titanium. 

Examination  of  the  microstructures  of  specimens  suggests  that  grain  size  of  the  reacted 
material  is  related  to  the  boron  particle  size  as  seen  in  Figure  4.  The  views  on  the  right  are 
from  an  area  that  contained  Callery  sub-micron  boron  as  part  of  the  initiation  system  while  the 
structure  on  the  left  is  from  a  region  within  the  bulk  of  th  i  specimen  formed  from  AEE  3- 5pm 
boron.  No  outgassing  had  been  performed  in  this  case  and  there  is  significant  separation 
between  grains,  although  density  was  measured  as  about  99%  of  theoretical.  Figure  5  shows  the 
structure  of  s  specimen  fabricated  after  heat  treatment  for  two  hours  at  5008C  in  argon. 

Despite  the  outgassing,  density  was  only  about  88%  of  theoretical,  taking  the  added  nickel  into 
account.  Figure  6  shows  the  structure  of  another  nickel-containing  specimen,  also  fabricated 
without  prior  heat  treatment.  Some  blowholes  are  clearly  visible,  while  the  titanium  and 
nickel  EDAX  amps  in  Figure  6  show  the  latter  to  be  concentrated  at  the  grain  boundaries. 

Density  of  this  specimen  was  90%  of  theoretical. 

Portions  of  higher  density  runs  were  examined  and  specimens  selected  for  three  point 
flexure  tests.  Average  values  of  346,1 70  and  113  MPa  from  specimens  of  98,88.5  and  85% 
theoretical  density  respectively  were  obtained  with  a  maximum  of  423  MPa  for  a  specimen 
97.8%  dense.  These  compare  well  with  results  obtained  in  Ref.  2  but  show  greater  scatter  so 
that  conditioning  or  heat  treatment  will  be  required  after  the  initial  reaction  to  improve 
intergranular  bonding  and  uniformity. 
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Fracture  of  the  reacted  tiles  appears  to  be  the  result  of  thermal  shock  in  most  cases  and 
requires  better  management  of  the  residual  heat  of  reaction.  This  is  currently  being  approached 
through  improved  mold  design  and  insulation.  Too  rapid  a  release  of  pressure  after  reaction 
may  also  play  a  part  and  this  is  being  addressed  by  the  use  of  a  more  controllable  pneumatic 
system. 

CONCLUSIONS 

Results  to  date  show  that  reaction  of  titanium  and  boron  to  fabricate  SHS-Ti2  in  relatively 
massive  form  is  feasible  and  controllable  in  large  batches.  Optimization  of  the  prooess, 
however,  to  produce  a  material  of  uniform  quality  routinely  will  require  more  precise 
temperature  and  pressure  control  during  and  after  the  reaction  as  well  as  improved  outgassing 
and  preparation  of  the  green  cake.  Procedures  to  incorporate  such  improvements  in  the  process 
are  currently  underway,  as  well  as  studies  to  evaluate  the  desirability  of  a  post  formation  heat 
treatment  step  to  improve  uniformity. 
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TABLE  1 


COMPARISON  OF  TIB2  PRODUCED  BY  THE  SH5-PBQ  CESS 


ERQEEBIY 


(1 )  Chemical  Purity 

98.5% 

99.5% 

(2)  Microhardness 

2345 

2200-2800 

(Knoop, 500g) 

(3)  Young's  Modulus 

60 

(40-80) 

(10®  psi) 

(4)  Weibull  Modulus 

28.7 

58-85 

(5)  Grain  Size 

<20|j.m 

(6)  Density 

98.5% 

97% 

(7)  Poisson’s  Ratio 

* 

0.11 

0.07 

FIGURE  1.  TEMPERATURE  •  PRESSURE  •  TIME  PROFILE 
{P.D.  2AVITSANOS  &  J.F.  D'ANDREA,  AMRC-TR-85-15,  JUNE  1985) 
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FIGURE  2.  Rsaellon  prosing  ol«  configuration  lor  spring  loaded  prsts. 


FIGURE  3 


SEM  VIEWS  OF  TITANIUM  BORIDE,  SYNTHESIZED  AFTER  OUTGASSING.  MIXED 
AMORPHOUS  AND  CRYSTALLINE  BORON,  WITH  NICKEL.  LINES  =  10  MICROMETER 
(091488-1) 
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Metal-Ceramic  Composite  Pipes  Produced  by  a  Centrifugal-Thermit  Process 

Osamu  Odawara 

Department  of  Electronic  Chemistry,  Tokyo  Institute  of 
Technology,  Nagatsuta,  Midori-ku,  Yokohama  227,  Japan. 

ABSTRACT 

Long-sized  metal-ceramic  composite  pipes  have  been  produced  by  means  of  a 
thermit  reaction  taking  place  under  the  influence  of  centrifugal  force 
("Centrifugal-Thermit  Process").  The  most  important  factor  which  made  the 
production  of  long  composite  pipes  possible  is  in  the  characteristics  of  ther¬ 
mit  reaction  propagation;  when  the  reaction  is  applied  to  a  hollow  body,  it 
propagates  along  the  inner  surface  first  and  into  the  layer  of  the  reactant 
subsequently.  Therefore,  by  igniting  only  a  part  of  the  reactant  the  thermit 
reaction  rapidly  proceeds  along  the  inner  surface  of  the  hollow  body  formed  by 
centrifugal  force  and  then  into  the  layer  simultaneously  in  the  radial 
direction,  resulting  in  producing  the  long  composite  pipes  of  homogeneous 
quality  in  the  direction  of  pipe  length.  In  this  paper,  the  Centrifugal- 
Thermit  process  is  discussed  with  particular  reference  to  the  propagation 
mechanism  of  thermit  reaction  in  the  process. 


key  words;  exothermic  reaction,  centrifugal  force,  long  pipe  production, 
reaction  propagation 
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I.  INTRODUCTION 


Pipes  and  vessels  with  corrosion-,  abrasion-,  and  heat-resistant  ceramics 
bonded  to  the  metallic  body  are  required  in  many  industrial  applications.  As 
a  simple,  rapid,  and  economical  method  for  producing  such  metal-ceramic  com¬ 
posite  pipes,  a  Centrifugal-Thermit  (C-T)  process  has  been  proposed  and 
investigated  *  .  A  thermit  reaction  under  the  influence  of  centrifugal  force 
is  an  essential  principle  of  the  C-T  process:  The  procedure  of  the  process 
comprises  the  steps  of  (1)  placing  a  powdery  thermit  mixture  composed  of  a 
strongly  reductive  element,  e.g.  Al,  and  a  reducible  metal  oxide,  e.g.  Fe2C>3, 
in  a  metal  pipe,  (2)  rotating  the  pipe  around  the  axis  so  as  that  the  powdery 
thermit  mixture  is  pressed  against  the  inward  surface  of  the  pipe  by 
centrifugal  force  to  form  a  layer,  (3)  igniting  the  thermit  mixture  at  one 
point  under  the  influence  of  centrifugal  force  so  that  the  thermit  reaction 
takes  place  and  the  reducible  metal  oxide  is  reduced  to  the  molten  metal,  e.g. 
Fe,  while  the  strongly  reductive  element  is  oxidized  to  the  molten  oxide,  e.g. 
AI2O3,  which  forms  the  innermost  layer  with  the  molten  metal  forming  the  in¬ 
termediate  layer  by  the  effect  of  centrifugal  force,  and  (4)  cooling  the  body 
having,  on  the  inward  surface,  stratified  layers  of  the  metal  and  the  ceramic 
oxide(see  Fig.  1)  . 

In  previous  works,  the  influences  affecting  the  composite  pipes  produced 
by  the  C-T  process  were  mainly  investigated  by  taking  into  consideration  a 
large  amount  of  reaction  heat  and  centrifugal  force  applied  to  the  reaction 
products;  thermal  insulation^,  centrifugal  force^,  environmental  gas  content^1 
and  pressure^,  and  the  additives  to  thermit  powders^. 
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The  C-T  process  has  recently  been  extended  to  the  development  of  5.5  m- 
long  composite  pipes.  In  the  process  of  development,  it  was  confirmed  that 
the  thermit  reaction  proceeded  rapidly  to  produce  composite  pipes  of 
homogeneous  quality  in  the  direction  of  pipe  length  under  the  conditions  of 
proper  amount  of  thermit  powders  and  proper  centrifugal  force®.  This  fact  was 
a  great  advantage  in  the  production  of  long-sized  composite  pipes.  In  light 
of  the  fact,  the  propagation  of  the  thermit  reaction  under  centrifugal  force 
plays  an  important  role  in  the  C-T  process  as  well  as  a  large  amount  of  reac¬ 
tion  heat  and  centrifugal  force  applied  to  the  reaction  products. 


II.  TEMPERATURE  HYSTERISIS  IN  THE  C-T  PROCESS 

The  schematic  illustration  of  temperature  at  a  hollow  surface  measured  by 
an  infrared  radiation  thermometer  through  the  C-T  process  is  shown  in  Fig.  2. 
As  shown  in  Fig.  2,  the  temperature  first  increased  around  the  point  of 
ignition( (l) ) ,  and,  after  some  intervals  with  no  indication  of  the  temperature 
increase  during  the  vaporization  or  dispersion  process  of  reactant  the  tem¬ 
perature  acutely  rose  with  the  start  of  reaction  in  the  whole  of  the  hollow 
surface.  Then,  it  dropped  rapidly  in  the  fumy  condition  after  the  blowoff 
((2))  following  the  inducement  of  reaction  at  the  whole  hollow  surface. 
Subsequently,  the  highest  temperature  was  reached  after  the  reaction  finished 
and  was  followed  by  the  cooling  process. 

Since  the  reaction  products  were  melted  by  the  reaction  heat,  it  is  as¬ 
sumed  that  the  emissivity  would  change  drastically  at  the  melting  point  of  the 
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products.  Therefore,  the  true  peak  would  be  much  higher  than  2400  K  which  was 
the  highest  one  in  Fig.  2.  In  the  cooling  stage,  a  plateau  appeared  at  about 
2300  K  which  was  considered  to  be  the  melting  point  of  the  ceramic  product. 
It  is  considered  that  the  cooling  in  the  C-T  process  occurs  in  the  radial 
direction  predominantly,  so  that  the  created  heat  was  kept  inside  of  the  pipe 
in  the  reaction  process  and,  once  the  heat  is  conducted  to  the  metal  mold,  the 
system  would  be  cooled  down  acceleratedly  by  the  effect  of  centrifugal  force. 

With  respect  to  the  thermal  expansion  and  shrinkage  of  each  layer  during 
the  C-T  process,  some  delay  is  expected  in  the  outer  metal  layer  compared  to 
the  product  ones  because  of  the  delay  in  temperature  increase;  since  the  melt¬ 
ing  point  of  the  produced  ceramic  is  much  higher  than  that  of  the  metal  and 
the  heat  propagation  occurs  in  the  radial  direction,  the  outer  pipe  would  be 
still  in  expansion  when  the  produced  ceramic  starts  to  solidify  and  shrink. 
After  the  temperature  of  the  outer  pipe  starts  to  cool  down,  the  metal  layer 
contracts  much  more  than  the  ceramic  with  its  higher  coefficient  resulting  in 
the  compression  stress  remaining  in  the  ceramic  layer.  The  size  of  the  pipes 
produced  is  always  a  little  smaller  both  in  diameter  and  in  length,  so  that 
the  intermediate  metal  layer  formed  would  play  a  role  in  balancing  the 
residual  stress  of  each  layer. 


III.  PROPAGATION  OF  THERMIT  REACTION  IN  THE  C-T  PROCESS 


In  Fig.  3,  typical  experimental  data  on  the  mechanical  properties  of  3  m- 
long  composite  pipes  produced  under  130  G  are  shown  in  the  direction  of  pipe 


length^,  where  v,  E,  Op,  og,  and  P  are  Poisson's  ratio,  Young's  modulus,  com¬ 
pressive  strength  measured  by  a  squeezing  test,  compression-shear  stress,  and 
porosity  of  the  ceramic  layer,  respectively.  As  shown  in  Fig.  3,  the  dif¬ 
ference  of  these  properties  in  the  direction  of  pipe  length  are  negligibly 
small  within  the  present  testing  precision,  except  the  data  near  the  pipe  end. 
Therefore,  the  pipe  is  considered  to  be  uniformly  produced  in  the  direction  of 
pipe  length.  The  deviation  near  the  end  of  the  pipe  would  be  caused  from  the 
heat  instability  induced  by  the  direct  contact  of  a  mold  material. 

If  the  reaction  propagated  from  the  point  of  ignition  to  the  direction  of 
pipe  length  through  the  cross  section,  homogeneous  quality  of  the  product 
layers  would  not  be  obtained  because  the  products  behind  the  reaction  front 
solidify  in  turn  causing  non-uniform  effect  of  centrifugal  force  in  the  direc¬ 
tion  of  pipe  length.  Therefore,  the  products  should  solidify  simultaneously 
in  the  direction  of  pipe  length  for  obtaining  such  homogeneous  quality.  The 
present  C-T  process  actually  did  perform  this  requirement  by  igniting  only  a 
part  of  reactant  and  provide  composite  pipes  of  homogeneous  quality  in  the 
direction  of  pipe  length. 

In  Fig.  4,  typical  results  of  time  delays  in  temperature  increase 
measured  by  thermocouples  at  fixed  points(TCl;  top  end  and  TC2;  bottom  end) 
are  shown  in  thermit  reactions  with  different  powder  densities  and  shapes^®. 
As  shown  in  Fig.  4(A)  and  (B),  the  time  interval  between  the  change  in  TCI  and 
that  in  TC2  in  the  reaction  with  the  density  ratio  of  0.32  is  longer  than  that 
of  0.15.  This  result  is  comprehensible  if  considering  high  temperature  gas 
diffusion  as  a  predominant  factor  in  the  reaction;  the  diffusion  of  gas  is 
hindered  with  the  increase  of  the  powder  density  because  the  free  space  be- 
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comes  smaller,  even  the  conduction  of  heat  becomes  better.  On  the  other  hand, 
the  temperature  increase  of  TCI  and  TC2  occurs  almost  at  the  same  time  when 
reacting  with  a  hollow  body(Fig.  4(C)). 

For  making  clear  the  mechanism  of  the  reaction  propagation  in  the  C-T 
process,  a  radio(FM)-telemeter  technique  was  set  up  as  shown  in  Fig.  5.  A  low 
carbon  steel  pipe  of  318.5  mm  in  outer  diameter  and  5500  mm  in  length  was  in¬ 
serted  in  a  pipe  holder  of  451  mm  in  outer  diameter  and  5890  mm  in  length 
placed  on  a  roller-type  centrifuge  machine.  Three  thermocouples  were  attached 
to  the  surface  of  the  pipe  through  the  holes  of  a  holder  as  shown  in  Fig. 
5(A).  Fe203~Al  thermit  mixtures  with  6.54  mass%  of  Si02(total  amount;  166.44 
kg)  were  then  distributed  into  the  hollow  part  of  the  pipe  and  ignited  under 
69  G.  Data  on  temperature  increase  measured  by  the  thermocouples  were  trans¬ 
mitted  from  a  sending  antenna  fixed  to  the  rotating  holder  to  a  receiving  one 
on  the  ground  in  FM  wave.  The  temperature  curves  obtained  by  the  FM-telemeter 
technique  are  shown  in  Fig.  6.  The  measurement  was  carried  out  from  the  point 
'of  the  blowoff  occurring  in  the  process( ref er  to  Fig.  2).  Although  the  value 
of  the  temperature  shown  in  Fig.  6  is  not  so  reliable  because  the  thermocouple 
contact  with  the  surface  of  the  pipe  was  not  enough  and  stable  during  the 
process,  e.  g.  in  the  case  of  TCI,  the  increasing  point  of  temperature  is 
reliable  enough  for  further  discussion.  Fig.  6  shows  that  the  deviation  of 
the  points  in  temperature  increase  among  these  three  thermocouples  is  within 
one  second.  Since  the  distance  between  TCI  and  TC3  was  about  2400  mm,  it  is 
difficult  to  consider  that  heat  propagates  in  the  direction  of  pipe  length 
from  the  part  of  ignition  resulting  in  the  temperature  increase  of  three 
points  within  1  s.  With  respect  to  the  time  delay  in  temperature  increase  at 
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each  point,  that  of  TC3  is  a  little  shorter  than  that  of  TC2,  which  means  that 
all  the  parts  measured  were  heated  up  simultaneously.  Therefore,  the  reaction 
should  propagate  simultaneously  in  the  direction  of  pipe  length.  As  a  result, 
it  is  concluded  that  the  C-T  process  proceeds  along  the  inner  surface  of  the 
hollow  body  first  and  then  into  the  layer  in  the  radial  direction  simul¬ 
taneously  resulting  in  producing  the  composite  pipes  of  homogeneous  quality  in 
the  direction  of  pipe  length. 
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Fig.  1  Principle  of  a  Centifugal-Thermit  Process. 
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Scheaatic  illustration  of  temperature  curves  in  a  hollow 
surface  measured  bj  an  infrared  radiation  thermometer  in 
the  C-T  process. 
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propagation  of  reaction,  (B) ;  radial  direction  propagation  of 
reaction,  ©;  cooling  process. 

Mechanical  properties  of  a  3  m-long  C-T  pipe, 
v;  Poisson's  ratio,  E;  Young's  modulus,  O^; 
compressive  strength,  a  ;  compression-shear  stress, 

P;  porosity  of  ceramic  layer. 

Typical  propagation  patterns  of  thermit  reaction. 

Schematic  illustration  of  an  FM-telemeter  technique 
applied  to  the  C-T  process. 

Temperature  curves  obtained  by  the  FM-telemeter 
technique  in  the  C-T  process. 
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Fig.  2  Schematic  illustration  of  temperature  curves 
in  a  hollow  surface  measured  by  an  infrared 
radiation  thermometer  in  the  C-T  process. 
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1.  Introduction: 

AIN  belongs  to  an  important  group  of  nitrogen  ceramic  materials.  There  has  been 
rapid  growth  in  die  use  of  AIN  in  advanced  ceramic  components  because  of  its  excellent 
high  temperature  properties  such  as  high  strength,  high  hardness,  wear  resistance,  high 
thermal  conductivity,  thermal  shock  resistance,  etc...  For  these  reasons,  AIN  is  being 
considered  for  many  applications  such  as  electronic  substrates,  heat  radiation  fins,  and  a 
variety  of  structural  components.  Cermet  materials  often  display  enhanced  physical 
properties  when  compared  to  the  single  phase  ceramic.  In  the  A1N-A1  cermet  material,  the 
combination  of  the  ceramic  AIN  phase  with  the  metallic  A1  phase  results  in  a  material  which 
has  high  hardness  and  strength  due  to  the  presence  of  AIN  and  increased  toughness  due  to 
the  presence  of  Al.  The  low  density  (2.70-3.26  gcm'3)  and  superior  properties  of  this 
cermet  make  it  an  ideal  candidate  for  a  variety  of  lightweight  structural  applications. 

The  fabrication  of  low  porosity  parts  from  AIN  powder  remains  a  challenging 
problem  in  ceramic  technology.  Powders  of  covalent  compounds,  such  as  AIN,  are 
generally  difficult  to  sinter  because  of  the  low  rate  of  self-diffusion  within  the  solid,  even  at 
elevated  temperatures.  In  many  cases  to  overcome  this  non-sin terable  behavior,  dopants 
are  added  to  the  powder  prior  to  firing  at  high  temperature.  These  dopants  enhance  the 
sintering  process  by  either  the  formation  of  a  liquid  phase  or  by  increasing  the  diffusivity  in 
the  solid  state.  Unfortunately,  the  presence  of  these  sintering  aids  may  seriously  degrade 
-  the  properties  of  the  AIN  product.  The  presence  of  the  lower  melting  phase  at  the  grain 
boundaries,  for  example,  may  cause  a  decrease  in  the  high  temperature  mechanical  strength 
of  the  sintered  part  The  addition  of  oxide  dopants,  on  the  other  hand,  serves  to  decrease 
the  thermal  conductivity  and  thus,  the  resistance  to  thermal  shock. 

Recognizing  this  problem,  the  more  ideal  production  process  might  involve  the 
simultaneous  synthesis  and  densification  of  the  product  into  near-net  shapes  without  the 
use  of  dopants.  We  will  discuss  in  this  paper  a  method  which  has  the  potential  to 
synthesize  and  density  AIN  into  dense  parts  in  the  same  operation.  This  method  is  based 
on  a  combustion  reaction  in  which  aluminum  powder  compacts  are  combusted  in  a  high 
pressure  nitrogen  environment.  This  reaction  is  characterized  by  self- generated  high 
temperatures  and  a  rapidly  moving  combustion  front. 

In  the  late  1960's,  A.G.  Merzhanov  and  his  co- workers  [1]  began  work  on  self- 
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propagating  combustion  reactions.  This  work  led  to  the  development  of  processes  which 
the  Soviet  investigators  refer  to  as  'Self-Propagating  High  Temperature  Synthesis'  (SHS) 
or  more  simply  combustion  synthesis.  In  these  processes,  materials  with  sufficiently  high 
heats  of  reaction  may  be  synthesized  by  a  self-propagating  combustion  wave.  These 
combustion  synthesis  reactions  can  be  carried  out  with  both  solid-solid  (TiC,  TiB2,  TiC- 
AI2O3)  and  gas-solid  (TiN,  SijN^  AIN)  [2-1 1]  systems.  In  this  paper,  a  gas-solid  type 
of  combustion  reaction  to  form  AIN,  in  which  the  reactants  are  aluminum  powder  and 
nitrogen  gas,  has  been  described.  The  AIN  combustion  product  may  be  in  the  form  of  a 
dense  single  phase  compact  or  a  dense  A1N-A1  cermet,  depending  upon  the  experimental 
parameters. 

2.  Experimental  Procedures: 

Small  particle  size  aluminum  powder  was  used  for  all  of  our  combustion 
experiments.  The  aluminum  powder,  obtained  from  ALCOA,  had  an  average  particle  size 
of  9.9  pm  and  a  measured  BET  surface  area  of  1. 10  m^g-l.  The  measured  density  of  the 
powder  was  2.68  gem"  3  which  is  very  close  to  the  theoretical  value  of  2.70  gcm'3.  The 
major  impurities  were  found  to  be:  Fe,  100  ppm  and  Si,  30  ppm.  In  some  of  the 
combustion  experiments  the  aluminum  was  diluted  with  AIN  powder.  This  AIN  was 
obtained  from  Advanced  Refractories  Technology  and  had  an  average  particle  size  of  2.9 
pm  and  a  measured  density  of  3. 19  gem' 3  (theoretical  density  is  3.26  gcm'3).  The  BET 
surface  area  was  measured  to  be  approximately  2.53  m^g-l .  No  attempt  was  made  to 
obtain  impurity  information  on  this  material. 

Cylindrical  compacts  of  the  A1  powder  were  formed  using  a  stainless  steel  die  with 
double  acting  rams.  The  compacts  were  1.9  cm  in  diameter  and  approximately  2.0  cm  in 
length.  The  exact  dimensions  and  weights  of  the  compacts  were  measured  both  before  and 
after  combustion  so  that  the  density  and  nitrogen  uptake  could  be  calculated.  Ignitor  pellets 
consisting  cf  72  wt%(Ti+1.5B)  +  28  wt%(4Ti+Fe2C>3)  were  placed  on  top  of  the  A1 
powder  compacts.  The  ignitor  pellets  were  used  because  of  difficulties  in  starting  the 
nitriding  reaction  due  to  the  high  thermal  conductivity  of  nitrogen  gas  in  the  selected 
pressure  range.  The  aluminum  powder  compact  and  the  ignitor  pellet  were  placed  into  the 
testing  chamber  so  that  the  tungsten  coil  used  for  ignition  was  approximately  4  mm  from 
the  top  of  the  ignitor  pellet. 

3.  Results  and  Discussion: 


2 


3.1  Conversion: 

The  effect  of  nitrogen  pressure  on  the  percent  conversion  of  aluminum  into  its  nitride 
is  shown  in  Fig.  1.  It  can  be  seen  in  Fig.  1  that  as  the  nitrogen  pressure  is  increased  from 
20.7  MPa  (3000  psi)  to  103  MPa  (15000  psi),  the  conversion  of  aluminum  into  its  nitride 
increases  as  a  function  of  ’green'  compact  density.  This  result  can  be  explained  by  the  fact 
that  the  local  availability  of  nitrogen  increases  with  increases  in  nitrogen  pressure. 
Consequently,  an  increase  in  local  availability  of  nitrogen  causes  an  increase  in  the  amount 
of  conversion.  In  Fig.  1  it  appears  that  for  all  three  'green'  compact  densities  that  the 
product  is  approaching  full  conversion  in  the  120-140  MPa  nitrogen  pressure  range.  This 
nitrogen  pressure  will  later  become  important  when  attempting  to  determine  the  optimal 
parameters  for  producing  fully  converted  AIN.  Indeed  when  samples  were  combusted  at 
310  MPa  (45000  psi),  the  products  for  all  three  green  densities  were  fully  converted. 

An  experiment  was  conducted  in  which  an  aluminum  powder  compact  was  ignited  in 
a  lower  pressure  (<1.4  MPa)  combustion  chamber  where  the  sample  could  be  viewed 
during  the  combustion  reaction.  The  ignitor  pellet  easily  ignited  in  the  1.0  MPa  (145  psi) 
nitrogen  atmosphere.  As  the  combustion  wave  reached  the  aluminum  powder  compact, 
however,  the  sample  appeared  to  boil  off  layer  by  layer.  Finally,  after  approximately  4  mm 
of  the  sample  had  disappeared,  the  reaction  ceased  and  the  sample  was  removed.  A  very 
fine  residue  was  found  on  the  interior  of  the  combustion  chamber  and  X-ray  diffraction 
-  analysis  showed  it  to  be  finely  divided  aluminum  powder.  These  observations  indicate  that 
the  dissociation  pressure  of  AIN  at  the  combustion  temperature  is  less  than  1.0  MPa. 

Fig.  1  also  shows  the  effect  of  compact  density  cm  the  extent  of  conversion  of  the 
aluminum  specimens.  At  a  given  nitrogen  pressure,  the  amount  of  conversion  decreases 
with  an  increase  in  'green'  compact  density.  This  is  due  to  a  decrease  in  the  local 
availability  of  nitrogen  as  the  pore  volume  decreases  (compact  density  increases).  As  the 
nitrogen  pressure  increases,  the  amount  of  conversion  for  each  of  the  three  densities 
approaches  the  same  level.  This  result  illustrates  the  effect  of  compact  density  on  degree  of 
conversion  due  to  availability  of  nitrogen. 

3.2  Dilution: 

The  effect  of  dilution  on  the  amount  of  conversion  was  also  studied,  and  the  results 
are  shown  in  Fig.  2.  It  should  be  noted  that  all  of  the  specimens  shown  in  Fig.  2  had 
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approximately  the  same  green  compact  density  of  55±1%  of  theoretical.  For  the  specimens 
combusted  at  the  highest  pressure  (310  MPa),  the  product  was  fully  converted  at  all  levels 
of  AIN  diluent  content  studied  As  the  nitrogen  pressure  is  lowered  to  103  MPa,  however, 
it  was  found  that  the  amount  of  conversion  reaches  a  maximum  at  approximately  10  wt% 
diluent  content.  A  similar  phenomena  was  observed  to  occur  at  a  nitrogen  pressure  of  20.7 
MPa.  The  reason  for  the  initial  increase  and  subsequent  decrease  in  the  amount  is  not 
clearly  understood  It  is,  however,  likely  due  to  interaction  between  the  way  in  which 
changes  in  local  nitrogen  availability,  changes  in  combustion  temperature,  and  changes  in 
wave  velocity  affect  the  degree  of  conversion.  In  an  attempt  to  determine  die  effect  of 
dilution  on  combustion  temperature  and  wave  velocity,  thermocouples  were  placed  into  the 
aluminum  powder  compact.  Experimental  difficulties  hampered  this  effort,  however,  and  it 
is  the  topic  of  current  research.  It  should  be  noted  that  a  similar  phenomena  was  observed 
for  the  combustion  of  NbN  by  both  Dunmead,  Munir,  and  Holt  [4]  and  Munir  and  Zhang 
[111. 

3 . 3  Product  Characteristics: 

While  combusting  aluminum  samples  in  nitrogen,  it  was  observed  that  the  products 
were  not  as  porous  as  the  typical  SHS  products.  Fig.  3,  for  example,  shows  the  AIN 
product  density  plotted  as  a  function  of  the  green  compact  density  for  the  samples 
combusted  at  103  MPa.  It  should  be  noted  that  the  density  plotted  in  Fig.  3  is  the  bulk 
density  of  the  entire  AIN  sample  produced.  Typical  products  from  SHS  reactions  are  on 
the  order  of  50-60%  of  theoretical  density  while  these  AIN  products  have  bulk  densities  of 
90%  or  greater,  depending  upon  the  nitrogen  pressure  and  the  'green'  density.  Here,  we 
see  that  as  the  green  compact  density  increases,  the  AIN  product  density  also  increases. 

This  is  as  expected  because  the  porosity  present  in  the  unreacted  sample  is  one  of  the  main 
factors  which  result  in  the  porous  nature  of  SHS  products  [12]. 

In  general,  the  small  amount  of  porosity  present  in  these  specimens  was  not 
homogeneously  dispersed  throughout  the  entire  product.  In  fact,  the  majority  of  die 
porosity  was  found  in  the  upper  quarter  of  the  sample  (end  where  ignition  occurred). 
Because  of  this  fact,  the  resulting  products  were  sectioned,  and  the  density  of  the  bottom 
section  of  the  sample  was  measured  in  addition  to  the  bulk  density  of  the  entire  sample 
(Fig.  3).  The  density  of  the  bottom  section  will  be  referred  to  as  the  density  of  the  pan. 

Fig.  4  shows  an  optical  photomicrograph  taken  of  the  product  of  the  combustion  of  a 
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54%  dense  aluminum  compact  combusted  at  103  MPa  nitrogen  pressure.  The  measured 
density  of  the  part  was  found  to  be  98%  of  theoretical  with  a  residual  aluminum  content  of 
1.5  vol%.  The  average  grain  size  of  this  material  was  approximately  5  pm.  The 
microhardness  of  this  product  was  measured  to  be  1260  kg/mm^  which  is  in  the  range  of 
the  literature  values  for  sintered  AIN  of  1200  -  1300  kg/mm2[13].  The  microstructure  and 
densification  present  in  this  sample  as  well  as  many  others  indicates  that  during  the 
combustion  reaction  the  AIN  product  is  actually  molten.  Under  ambient  pressure,  AIN 
does  not  melt  on  heating  but  undergoes  dissociation.  It  is  believed  that  under  these  high 
nitrogen  pressures,  it  is  possible  to  suppress  the  dissociation  of  AIN  in  favor  of  melting. 

At  a  representative  nitrogen  pressure  of  103  MPa,  the  equilibrium  dissociation  temperature 
is  approximately  3800  K. 

While  combusting  samples  at  higher  nitrogen  pressures  (310  MPa),  it  was  noticed 
that  the  products  generally  consisted  of  a  small  (3-4  mm)  cavity  on  the  interior  of  the 
sample  surrounded  by  a  shell  of  nearly  fully  dense  AIN.  In  between  the  cavity  and  the 
shell  was  a  transition  region  in  which  the  AIN  was  approximately  85-90%  of  theoretical 
density.  Fig.  5  shows  a  SEM  photomicrograph  of  the  fracture  surface  of  the  transition 
region  between  the  cavity  and  the  fully  dense  AIN.  This  particular  sample  had  a  'green' 
compact  density  of  55%  of  theoretical  and  was  composed  of  fully  converted  AIN  grains 
averaging  5  pm  in  diameter. 

Observations  made  on  products  of  combustion  of  aluminum  at  various  nitrogen 
pressures  led  us  to  the  conclusion  that  products  with  more  uniform  microstructures  can  be 
produced  at  lower  nitrogen  pressures.  This  is  likely  due  to  an  increase  in  the  combustion 
temperature  as  the  nitrogen  pressure  is  increased  and  a  subsequent  increase  in  the 
violentness  of  the  combustion  reaction.  Coupling  these  results  with  the  data  shown  in  Fig. 
1,  we  have  determined  that  the  optimum  nitrogen  pressure  for  producing  dense,  fully 
converted  AIN  should  be  in  the  range  of  120-140  MPa.  Further  optimization  of  this 
production  process  will  come  from  study  of  the  effect  of  aluminum  particle  size  and  particle 
size  distribution,  cold  pressing  characteristics,  pretreatment  of  the  aluminum  powder 
surface,  etc...  It  is  also  possible  to  synthesize  AIN  powder  by  working  with  nitrogen 
pressures  less  than  is  used  to  form  the  solid  AIN  products. 

The  existence  oxygen  in  AIN  has  very  deleterious  effects  on  the  thermal  conductivity 


and  thus,  on  the  thermal  shock  resistance  of  this  material.  As  a  result,  analysis  of  the 
oxygen  content  of  both  the  reagent  powders  and  the  products  is  currently  being  done.  The 
only  two  possible  sources  for  oxygen  contamination  of  the  combustion  synthesized  AIN 
arc  the  reagent  aluminum  powder  and  the  nitrogen  gas.  It  is  possible  to  'clean-up'  the 
nitrogen  gas  by  purification  techniques  and  by  increasing  the  volume  to  surface  ratio  in  the 
reagent  aluminum  a  decrease  in  the  oxygen  content  should  be  possible.  As  a  result,  it 
should  be  possible  to  minimize  the  oxygen  content  of  the  AIN  produced. 

It  is  also  possible  to  produce  A1N-A1  cermet  materials  by  the  SHS  process.  By 
lowering  the  nitrogen  pressure,  the  amount  of  conversion  decreases  (Fig.  1)  and  thus,  the 
possibility  of  forming  cermets  exists.  Fig.  6  shows  optical  photomicrographs  of  an  A1N- 
A1  cermet  produced  by  this  method.  The  green  compact  density  of  this  material  was  55% 
of  theoretical  and  it  was  combusted  at  a  nitrogen  pressure  of  51  MPa.  The  material  had  a 
measured  part  density  of  92%  of  theoretical  and  a  residual  aluminum  content  of  13.4 
vol%.  The  average  AIN  grain  size  was  measured  to  be  10  |im  and  the  microhardness  was 
approximately  1075  kg/mm^  The  spherical  AIN  particles  present  in  this  material  indicate 
that  the  product  may  be  formed  by  a  process  which  involves  dissolution  of  nitrogen  into 
liquid  A1  and  subsequent  precipitation  of  AIN  from  the  melt 
4 .  Summary: 

It  has  been  shown  that  it  is  possible  to  synthesize  AIN  and  A1N-A1  composites  using 
a  high  pressure  combustion  process.  Furthermore,  the  composition  of  the  product  can  be 
altered  by  changing  the  synthesis  conditions.  It  was  found  that  either  an  increase  in 
nitrogen  pressure  or  a  decrease  in  green  compact  density  resulted  in  an  increase  in  the 
amount  of  conversion.  The  addition  of  pre-rcacted  AIN  as  a  diluent  caused  an  increase  in 
the  amount  of  conversion  at  low  contents  and  a  decrease  in  conversion  at  higher  contents. 
The  nature  of  the  combustion  process  in  this  particular  system  allows  the  AIN  and  A1N-A1 
products  to  be  synthesized  and  densified  simultaneously  without  applying  mechanical 
pressure  or  adding  chemical  dopants. 
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Figure  Captions: 

Figure  1.  Conversion  data  for  the  combustion  of  aluminum  at  various  green  compact 
densities  in  nitrogen  gas. 

Figure  2.  Conversion  data  for  the  combustion  of  aluminum  (at  three  different  pressures) 
in  nitrogen  gas  while  diluted  with  varying  amounts  of  pre-reacted  AIN. 

Figure  3.  Bulk  product  densities  for  aluminum  combusted  at  103  MPa  nitrogen  pressure 
for  varying  green  compact  densities. 

Figure  4.  Optical  photomicrograph  of  dense  AIN  produced  by  combustion  of  aluminum  at 
103  MPa  nitrogen  pressure. 

Figure  5.  SEM  photomicrograph  of  the  fracture  surface  of  the  relatively  porous  transition 
region  for  an  AIN  specimen  combusted  at  310  MPa  nitrogen  pressure. 

Figure  6.  Optical  photomicrographs  of  A1N-A1  cermet  produced  by  combustion  of 
aluminum  at  51  MPa  nitrogen  pressure. 
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ABSTRACT 

The  design  and  the  production  of  a  funotionally  gradient  Material  (FQM) 
by  using  a  self-propagating  reaction  process  has  been  investigated.  Cu/T1B2 
composites  were  fabricated  with  stepwise  compact  interlayers  of  Ti,  Cu  and  B 
mixed  powders.  Maximum  temperature  of  products  (Tmax)  were  calculated  for 
adiabatic  reaction  and  the  reaction  propagating  regions  were  obtained, 
experimentally,  for  Ti-2B-TlB2~Cu  mixed  powder. 

UTRODOCTION 

Functionally  gradient  material  (FGM),  a  new  type  of  metal/ceramic 
composite,  can  be  fabricated  with  gradual  compositional  variations  within 
the  interlayers  where  thermal  stresses  are  reduced,  for  heat-resisting  and 
thermal  barrier  ooatlngs[1]  as  shown  in  Fig.l-(l). 

Self-propagating  reaction  process  was  developed  by  A.G.Mershanov  et 
al.[2]  and  the  application  studies  have  been  reported. [3,4, 5 J  Self- 
propagating  reaction  prooeas  is  expected  as  one  of  the  excellent  methods  for 
producing  FGM. 
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This  paper  deals  with  the  producing  of  a  netal/oeramlo  composite,  whoee 
interlayers  a  compositional  gradient  as  shown  in  Fig.1-(2),  which  was 
designed  by  using  theraal  and  mechanical  data  as  shown  in  Fig.1-(3)  and  (4). 
Large  stress  gaps  remains  at  the  interlayers  in  the  case  of  producing  2  or  3 
layered  oompositet  though,  such  stress  gap  was  disappeared  in  the  case  of 
FGM  as  shown  in  Fig. 2.  Samples  of  stepwise  interlayerB  with  controlled 
composition  ohanging  from  pure  metal  (Cu)  to  pure  ceramic  (TiB2)  have  been 
synthesised  by  using  self -propagating  reaotion  process.  Microstructure  of 
the  interlayer  was  examined  and  the  dependence  on  the  oharacteristios  of  the 
reaction  and  the  calculated  Tmax  values  was  also  discussed. 

KXPKRIMHFTAL  PROCEDURE 

The  producing  process  of  FGM  by  using  SHS  is  shown  in  Fig.3.  Fig. 4 
shows  two  types  of  experimental  apparatus  for  the  fabrication  of  FGM  by 
using  SHS.  The  spring  pressing  method  (a)  have  been  uBed  for  the 
fundamental  study  and  the  hydrostatic  pressing  method  (b)  have  been 
developed  for  practical  use  as  a  synthesising  materials  with  large  scale  and 
complicated  shape. 

The  raw  materials  used  in  the  test  were  titanium  powder  (-350mesh), 
amorphous  boron  powder  (-0.5um)  and  copper  powder  (-325mesh).  The 
experimental  method  used  in  this  work  was  the  spring  pressing  method  [5] 
with  a  spring  constant  of  2.5x10^N/m.  The  reactional  vessel  of  the 
apparatus  was  filled  with  the  mixed  powderB  of  about  2g.  The  powders  were 
stacked  in  the  vessel  with  the  steps  compositionally  divided  into  2,  4,  6, 
11,  16  or  21  unite,  and  held  at  a  preaaure  of  50MPa  for  30  minutes  in 
vacuum.  Then  the  compact  powder  was  ignited  at  25MPa.  After  the  synthesis, 
samples  were  cooled  and  polished  cross  sections  of  the  cylindrical  products 
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were  observed.  X-ray  line  analysis  by  EPMA  and  microstruotural  observation 
by  SCM  have  been  done. 

Maximum  temperature  of  the  products  during  the  reaction  (Tmax)  shown  in 
equation  (1)  was  oaloulated  for  an  adiabatic  condition  and  measured  relative 
density,  where  a  and  b  are  the  amount  of  TiB2  and  Cu  respectively. 

Ti +2B+a • TiB2+ b • Cu  -  {1+a)-TiB2+b-Cu  (1) 

The  reaotion  propagating  region  in  which  the  self -propagating  reaction 
occurs  In  Ti-2B-TiB2-Cu  mixed  powders  has  been  measured  by  using 
homogeneously  mixed  powders.  PGM  has  fabricated  by  using  a  composition  of 
mixed  powder,  which  relative  density  was  higher  at  varioue  Cu  content. 
RESULTS  AID  DISCUSSION 

Fig. 5  shows  a  microphotograph  of  the  sample  with  16  units  of  compacted 
powders  in  Ti-2B-Cu  mixed  powder.  The  right  end  iB  Cu  rich  and  the  left  end 
is  T1B2  rich  in  Fig.5«  Large  amount  of  porosity  existed  in  the  center  of 
the  sample.  Fig. 6  shows  the  X-ray  line  analysis  of  Ti,  Cu  and  B  along  the 
white  line  in  Fig.S.  Stacking  mixed  powders  with  16  unite  made  the 
compositional  change  gradually  in  the  sample.  T1B2  and  Ti-Cu  alloy  phases 
existed  in  the  samples  synthesized  by  using  the  Belf-propagating  reaction 
prooess  from  mixed  powders  of  Ti,  Cu  and  B.  The  lntermetallic  compound, 
Cu^Ti,  was  also  detected  in  the  Cu-rich  parts  by  X-ray  micro-diffraction 
analysis. 

Fig. 7  shows  the  profile  of  the  maximum  temperature  of  products 
calculated  in  adiabatic  reaction  (Tmax)  of  Ti-2B-TiB2-Cu  powder  mixture. 
The  profile  of  the  Tmax  shown  in  Fig.7  suggested  that  the  Tmax  reacted  to 
the  Cu  boiling  point  of  2843K  at  the  composition  of  60wtXCu  and  the  Cu 
completely  vaporized  at  the  composition  of  25wtXCu  on  the  powder  mixture  of 
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no  TiB2  addition.  The  Tnax  deoreaeee  with  addition  of  TIB2  powder  into  the 
rav  materials.  The  porous  structure  in  the  center  of  the  eanple  in  Fig. 5 
suggested  that  eoae  Cu  vaporized  and  left  out  of  the  eanple.  However,  a 
decrease  of  Cu  concentration  was  not  observed  in  the  result  of  EPMA 
analysis.  Therefore,  it  is  presuaed  that  Cu  almost  reacted  with  Ti  and 
forned  Ti-Cu  alloy  and  only  snail  amount  of  Cu  vaporised.  The  existence  of 
pores  in  the  center  of  the  sanples  is  the  result  of  the  disturbance,  during 
denslficatlon,  caused  by  the  pressure  of  Cu  vapour  in  spite  of  synthesizing 
under  oonpreaeion.  The  fornation  of  a  high  dense  TiB2~rioh  is  explained  in 
ternea  of  a  theraal  relaxation  which  is  larger  than  the  inner  part  of  the 
saaple . 

The  results  of  Fig.7  was  reconstructed  in  Flg.B.  The  reaction 
propagating  region  obtained  experimentally  was  also  indicated  in  Flg.B. 
There  renalna  a  small  region  in  the  coapoeition  of  nixed  powders  where  the 
synthesizing  is  possible  with  no  vaporizing  of  Cu.  But  on  synthesizing  in 
this  region  the  densified  sanples  night  not  be  able  to  be  gotten,  because 
ihe  temperature  in  the  reaction  is  too  low.  Fig.8  also  suggested  that  the 
porosity  (relative  density)  in  the  composite  could  be  controlled  by 
controlling  the  amount  of  additiveB.(Fig.9)  Fig. 10  shows  the  relative 
density  profile  In  the  relation  of  Cu  and  TIB2  content  in  the  raw  materials. 
The  samples  ae  shown  in  Fig.11,  fabricated  by  using  the  coapoeition  of  nixed 
powders  (closed  circle)  which  the  relative  densities  were  higher  at  various 
Cu  and  TiB2  contents  as  shown  in  Fig.10,  was  crack  free  and  nice  for  FGM 
compared  with  the  sample  (open  circle)  using  the  nixed  powdere  of  no 
addition  of  T1B2* 
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COKCLBSIOKS 

(1)  Functionally  gradient  aaterial  (FGM)  of  a  Cu/TiB2  coapoaite  was 
successfully  fabricated  by  using  the  self-propagating  reaction  process. 

(2)  The  niorostruoture  of  interlayers  in  the  FGM  was  related  to  the  aaxiaua 
teaperature  of  products  calculated  in  adiabatic  reaction  (Taax). 

The  authors  thank  to  Mr.  Yuji  Matsusaki,  Kawasaki  Heavy  Industries, 
Ltd.,  for  his  cooperation  in  synthesising  the  saaples  and  in  EPHA  analysis. 

This  study  was  perforaed  through  Spsoial  Coodination  Funds  of  the 
Science  and  Technology  Agency  of  the  Japanese  Governaent. 

REFERENCE 

1.  Report  of  Feasibility  Study  on  Functionally  Gradient  Materials,  Soienoe 
and  Technology  Agency,  Japan  (1986). 

2.  A,  0.  Merzhanov  and  1.  P.  Borovinekaya,  Coabuation  Sci.  and  Teoh.,  1_0, 
195  (1975). 

3.  0.  Odavara  and  J.  Ikeuchi,  J.  Japan  Institute  of  Metals,  /£,  316  (1981). 

4.  Y.  Miyamoto,  M.  Koltuai  and  0.  Yaaada,  J.  Aa.  Ceraa.  Soo.,  67,  C224 
(1984). 

5.  N.  Sata  and  J.  Ikeuchi,  J.  Ceraa.  Soc.  Jpn,  Inter.  Ed.,  2£,  208  (1987). 


5 


33  £ 


89-08-16  11:18  T- 


tt 133-0? 


7/1 


Sn*4-+»# 

o o+Z+i* 
0  0  * 

b?o::?2 


B 


'w/ 

8 


0:  Ceraaie#  Metal 

^  + :  Additivea  O:  Micropore 


Thareal 
relaxation 


Figure!  Concept  end  Deaign  of  Functionally  Gradient  Material 


*  ul,*r  I '  TO  I  C  ~*~l 
J  Uyar  fW  I  W-W  T — S~1 


rifur*  t  Iffut  of  mlHUr 

so*po«ltlan&l  aoatrol  In  Tilj-Cu 


rifur#  I.  Producing  proooai  of  TOK  by  ualng  SH8 


337 


«*nr*(l/JO 


00 


89-08-16  11:19  T- 


tt 133-08 


Ptm* 


(a)  Spring  praaainf  aathod  (b)  Hydroatatie  praaainf  aathod 

Figure  4-.  Experlaental  apparatus  for  the  fabrication  of  FOM 
by  using  SHS-proceae 


I  I 


Cu 


5Tmm 

ft|ura  S.  Hiorophotofraph  of  16  unit*  aaapla. 


0UUM4  |M> 


rifVi  I,  I-nf  Um  wlfiu  af  Ml  I 

w  um  aiu  uh  i*  Hi->. 


Tityb. Ou  ♦O*»)i«»J*W  0u 


ri(vr>  7.  froflU  of  wIm  Insulin  tf 
pratuala  (Tux)  I*  aOUballa  raaatlaaa 
•f  ti-i»-tl»|-0a  at i*4  paatara. 


Plfura  8.  Rotation  propagating  rt|ion  of 
Ti-2l-Tllj-0u  aixad  povdara 
and  tha  phaaa  of  On  aftar 
rotation  adiabatioally. 


33? 


Mechanical 

strength 


Of  / 1 )  »-0I  x  x> 


(M  r 


\  \ 

\A  > 

-  *'s  \/ 


\ 


(Bd0)  3 


•o#o#o# o 

o| of 

0°  0°OoO ° 
OOOQOQQQO 


a  o 

"£  m 

S  o> 

•  > 

•H 

-p 

o  in 

•H  T3 

§  'O 

CO  «a< 
f-i 

0)  •  • 

°  4 


(*o/o)«H 

00  to  ^T 

cp  o _ o_ 

(ejW)V 

poo 

(Nl  tj*  O 

CO  CV3 _ — 


r;/ 

4J/ 


s  § 

on  ofx  j: 

— i - i.  i  — > _ 

(*dW)  o 


q.uaq.uoo  ^gjj. 


3  qo 


^U9Q.UOO  nQ 


Figure  1.  Concept  and  Design  of  Functionally  Gradient  Material 


Simultaneous  Synthesis 
and  Forming  Process 


MS  20 


Combustion  Synthesis  of  Oxide-Carbide  Composites 


Lily  L.  Wang 
Zuhair  A.  Munir 

Division  of  Materials  Science  and  Engineering 
University  of  California,  Davis 
Davis,  CA  95616,  U.S.A. 

J.  B.  Holt 

Department  of  Chemistry  and  Science 
Lawrance  Livermore  National  Laboratory 
Livermore,  CA  94550,  U.S.A. 

7/31/89 


10  p. 


List  of  Key  Words: 

1 .  AlaOs 

2.  B*C 

3.  MgO 

4 .  Mechanism 


345 


1 


Abstract 

The  process  of  forming  AlaOa-B^C  composite  by  combustion 
synthesis  with  A1 ,  Ba03  and  C  as  starting  materials  is  proposed 
to  involve  a  sequential  mechanism.  The  highly  exothermic 
thermite  reaction  between  A1  and  BaOs  occurs  first  at  a 
temperature  higher  than  the  melting  point  of  A1 ,  and  the  heat 
generated  subsequently  brings  about  the  formation  of  B*C  between 
the  carbon  and  the  liberated  boron.  Once  AlaOs  is  formed, 
formation  of  aluminum  borates  becomes  a  competing  reaction  to 
the  thermite  reaction.  As  a  comparison,  the  study  of  an 
alternate  oxide-carbide  composite  system,  MgO-B.*C,  confirms  the 
formation  of  B^C  and  also  reveals  that  the  reaction  mechanism  in 
this  case  is  dependent  on  the  external  pressure. 

In troduc ti  on 

The  synthesis  of  many  high  temperature  materials  using  a 

t 

metallothermic  reduction  reaction,  i.e.  a  thermite  reaction,  has 
drawn  much  attention  [1-9].  The  general  form  of  these  thermite 
reactions  can  be  described  as  follows: 

A  +  MO  -->  AO  +  M  (1) 

where  A  and  M  are  metallic  elements,  and  MO  and  AO  are  their 
oxides.  The  exothermic  energy  released  from  these  thermite 
reactions  is  typically  large  and  is  sufficient  to  raise  the 
reaction  temperature  to  2000  to  3000  °C  [10].  Weakly  exothermic 
reactions  such  as  the  formation  of  some  carbides  and  many 
intermetallic  compounds  from  their  elemental  constituents  are 
difficult  if  not  impossible  to  initiate  and  sustain  in  the  form 
of  a  combustion  front.  By  coupling  these  weakly  exothermic 
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reactions  with  a  highly  exothermic  thermite  reaction,  the 
overall  reaction  can  become  self-sustaining  and  yield  a  product 
containing  multiple  phases,  i.e.  a  composite. 

The  objective  of  this  study  is  to  investigate  the  mechanism 
of  the  combustion  process  that  leads  to  the  formation  of  an 
oxide-carbide  composite.  The  composite  system  of  particular 
interest  is  the  AIsOs-BaC  system.  The  overall  reaction  of  this 
composite  formation  reaction  is 

4A1  +  2Ba0a  +  C  — >  Ala03  +  BaC  (2) 

Because  of  the  difficulty  in  detecting  the  BaC  phase  in  the 
combusted  4Al-2BzOa-C  samples,  an  alternate  reaction  system  of 
6Mg-2BzC)3-C  to  form  MgO  and  BaC  , 

6 Mg  +  2B2O3  +C  -->  6 MgO  +  BaC  (3), 

was  also  investigated  to  confirm  the  formation  of  BaC. 
Experimental  Procedure 

The  reactant  powders  used  in  this  study  were  aluminum 
(Alcoa  1401),  magnesium  (Alfa  Product  00871),  boric  oxide 
(BaOa)  (Alfa  Product  88290),  and  furnace  process  carbon  black 
(Cabot  Monarch  900).  The  reactant  systems  studied  were 
4Al-2Bz03-C,  6Mg-2BaOa-C  and  as  well  as  the  thermite  mixture 
2A1+Ba03 .  These  powder  mixtures  were  pressed  into  cylindrical 
pellets  of  60-63  %  of  the  theoretical  density  for  differential 
thermal  analysis  (DTA)  and  combustion  experiments,  both  of  which 
were  conducted  in  argon  atmosphere . 

The  sample  analyses  included  x-ray  diffraction  (XRD) , 
scanning  electron  microscopy  (SEM)  and  x-ray  microanalysis.  To 


separate  the  B*C  phase,  the  combusted  6Mg-2Be03-C  sample  was 
leached  in  38%  HC1  solution  to  remove  the  magnesium  compounds. 
Results  and  Discussion 
1.  Differential  Thermal  Analysis  (DTA) 

As  shown  in  Figure  1,  the  DTA  curves  of  both  the  composite 
formation  ( 4A1-2Bz03-C )  and  thermite  reaction  (2A1-Bz03)  systems 
exhibited  similar  thermal  characteristics.  In  the  temperature 
range  of  100  to  300  °C,  an  endotherm  occurred  corresponding  to 
the  dehydration  of  the  Ba03  powder  which  is  highly  hygroscopic. 
No  endotherm  was  observed  at  the  melting  point  of  Bz03  probably 
due  to  the  BzOs  powder  being  partially  amorphous. 

Two  exotherms  occurred  at  temperatures  higher  than  the 
melting  point  of  aluminum  (660  °C) .  In  order  to  determine  the 
corresponding  reaction  occurring  in  these  exotherms,  the  samples 
heated  at  25  °C/min  to  various  critical  temperatures  along  the 
DTA  path  were  analyzed.  After  heating  through  the  first 
exotherm,  both  the  4Al-2Bz03-C  and  2A1-Bz03  samples  exhibited 
formation  of  an  aluminum  borate  phase  Al«BzO»  (i.e.  2Alz03Bz03, 
a  phase  that  has  been  found  to  form  from  the  reaction  2Alz03(s) 

+  Bz03(1)  -  >  2A1z03 • Bz03 ( s )  [11]),  but  only  in  the  4A1-2Bz03-C 
sample  small  amounts  of  Alz03  were  detected.  When  both  the 
4Al-2Bz03-C  and  2A1-Bz03  samples  were  heated  through  the  second 
exotherm,  more  of  the  Al*BzO»  phase  and  as  well  as  significantly 
more  of  the  Alz03  phase  were  formed.  The  absence  of  carbon  in 
the  thermite  mixture  (i.e.  2A1+Bz03)  affected  the  second 
exotherm  which  was  resolved  into  two  peaks  at  heating  rates 
equal  to  or  lower  than  25  °C/min .  For  both  mixtures  heated  at 
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this  slow  rate,  reactions  did  not  go  to  completion  after  the 
second  exotherm  for  substantial  amounts  of  A1  and  Bz03  were 
still  present. 

Difficulty  was  encountered  in  detecting  boron  carbide  and 
boron  phases  in  the  DTA  samples  by  the  x-ray  diffraction  method. 
The  reason  can  be  attributed  to  that  the  x-rays  diffracted  by 
boron  carbide  and  crystalline  boron  were  likely  absorbed  before 
they  escaped  the  sample  due  to  the  low  x-ray  absorption  of  these 
light-element  phases,  the  amounts  formed  being  small,  and  the 
fact  the  Al-0  compounds  having  higher  x-ray  absorption. 

Moreover,  boron  existing  in  an  amorphous  form  may  be  another 
reason  for  the  lack  of  detection. 

2.  Combustion  Mode 

The  results  of  the  combustion  experiments  are  summarised  in 
Table  1.  The  combustion  front  of  both  the  4A1-2Bz03-C  and 
2A1 -BzOa  samples  moved  in  a  manner  bordering  pulsating  and 
spiral  (spin)  modes.  The  combustion  front  of  2A1-Bz03  moved  at 
finer  pulsating  intervals  and  faster  speed,  see  Table  1.  In 
both  systems,  vaporization  at  or  near  the  combustion  front  was 
observed.  The  vapor  condensate  was  analyzed  to  be  Bz03  ,  the 
most  volatile  component  in  the  reactant  mixture. 

The  combustion  temperature  of  the  4A1-2Bz03-C  system  was 
about  100  °C  lower  than  that  of  the  2A1-Bz03  system,  Table  1. 

The  combusted  samples  of  both  mixtures  were  highly  porous  and 
friable.  The  cylindrical  surface  of  the  combusted  samples  of 
both  systems  showed  rings  of  rippling  effect  which  manifested 
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that  melting  had  occurred  at  the  combustion  front  to  allow  the 
reacting  layer  to  sag. 

As  the  DTA  results  have  shown  that  the  vigor  of  the 
reaction  increases  with  increasing  heating  rate,  Figure  1, 
higher  heating  rate  is  expected  to  bring  the  reaction  process 
closer  to  completion.  Thus  the  sample  reacted  through  a 
combustion  wave,  which  brings  about  an  extremely  high  heating 
rate  in  the  region  in  front  of  the  combustion  wave,  should 
achieve  a  greater  conversion  to  the  final  product.  This  is 
verified  by  the  combusted  4Al-2Ba03-C  and  2A1-B203  samples 
containing  mostly  A1203  and  small  amounts  of  a  more  Al203-rich 
borate,  A1ibB*033  (i.e.  9A1203 • 2BaO» ,  a  phase  that  has  been 
found  to  form  from  the  reaction  9A1203(s)  +  2B203(1)  — > 

9Al20a-2Bz03  [11]).  The  presence  of  B*C  in  the  combusted 
4AI-2B2O3-C  sample  was  sometimes  detected  by  x-ray  diffraction. 

In  the  6Mg-2Bz03-C  case,  the  combustion  process  involved  a 
much  greater  release  of  vapors  which  clouded  the  chamber  and 
prevented  visual  observation  of  the  combustion  process.  The 
vapor  condensates  were  analyzed  to  contain  MgO,  Mg,  and  W03 . 

The  presence  of  the  WOs  phase  is  due  to  reactions  with  the 
tungsten  ignition  coil .  Attempts  to  suppress  the  evaporation  by 
increasing  the  argon  pressure  were  conducted.  At  13  atm 
pressure,  the  evaporation  rate  was  reduced  to  a  level  that 
allowed  visual  observation  of  the  combustion  process.  The 
combusted  sample  was  intact  but  still  exhibited  a  significant 
(38%)  volume  expansion.  Further  increasing  pressure  to  1020 
atm,  the  sample  shape  was  maintained,  and,  moreover,  volume 
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expansion  was  reduced  to  4%.  Interestingly,  at  13  atm  the 
reaction  temperature  was  measured  to  be  1450  °C,  much  lower  than 
adiabatic  combustion  temperature  which  is  2467  °C,  while  at  1020 
atm  pressure,  the  combustion  temperature  was  substantially 
higher  (2180  °C).  Increasing  pressure  also  reduced  weight  loss 
of  the  sample  from  3.9%  observed  at  13  atm  to  less  than  0.3%  at 
1020  atm. 

The  types  of  crystalline  phases  present  in  the  reacted 
6Mg-2BaOs~C  samples  do  not  depend  on  the  external  pressure.  All 
the  reacted  samples  contained  mostly  MgO,  and  small  amounts  of 
Mg»(B03)z  (i.e.  3MgO-Ba03).  Moreover,  the  formation  of  the  B*C 
phase  in  the  combusted  sample  was  definitely  confirmed  by  the 
x-ray  analysis  of  the  product  and  the  acid  leached  residue. 

The  boron  carbide  obtained  after  acid  leaching  showed  to  have 
submicron  particle  size  similar  to  that  of  the  initial  carbon 
particles . 

The  combusted  samples  becomes  less  porous  and  friable  as 
the  external  pressure  increases.  Figures  2  and  3  present  the 
morphology  of  the  fractured  surfaces  of  the  6Mg-2BzO»-C  samples 
combusted  at  1  and  1020  atm  argon,  respectively.  The  striated 
surfaces  of  the  nodular  particles  in  the  sample  combusted  at  1 
atm,  Figure  2,  indicate  that  the  formation  of  these  particles 
involved  a  vapor  phase  transport.  Various  reasons  suggest  that 
these  striated  particles  are  MgO.  First  Mg  is  the  most  volatile 
component  in  the  reactant  mixture.  Secondly,  the  MgO  is  the 
predominant  phase  in  the  product,  while  the  Mgo(BOs)e  is  present 
in  minor  amounts  and  would  not  show  striated  feature  for  it 
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would  have  melted  at  the  combustion  temperature  (1450  °C)  for 
the  melting  point  of  Mgs(B0s)a  is  1356  °C  [12].  Thirdly,  the 
surrounding  submicron  particles  can  be  identified  to  be  B*C  from 
their  similar  appearance  to  the  leached  B«C  particles.  In  the 
sample  combusted  at  1020  atm,  Figure  3,  no  striated  feature  is 
observed.  The  reacted  phases  appeared  rounded  and  more  tightly 
bonded  and  nave  smooth  surfaces,  indicative  of  formation  from 
melt . 

Conclusion 

In  the  self -propagating  combustion  mode,  the  reactants  are 
being  heated  up  at  an  extremely  fast  rate.  With  the  large 
sample  condition  being  more  conducive  to  heat  retention,  the 
extend  of  side  reactions  to  form  borates  is  reduced,  and  the 
reaction  to  form  the  product  oxide  is  more  complete.  Moreover 
the  reaction  condition  produces  higher  combustion  temperatures. 
From  DTA  results,  the  combustion  reaction  is  shown  to  initiate 
at  a  temperature  substantially  higher  than  the  melting  point  of 
A1 .  Consistent  with  the  DTA  results,  the  combustion  process 
shows  evidence  of  melting  of  the  reactants  in  the  combustion 
zone.  The  lower  combustion  temperature  and  slower  combustion 
velocity  in  the  system  containing  carbon  support  the  assumption 
that  the  reaction  mechanism  is  sequential.  The  thermite 
reaction  occurs  first  and  subsequently  brings  about  the 
formation  of  B*C .  With  carbon  added,  the  combustion  temperature 
would  be  lower  since  the  carbon  acts  as  a  diluent  initially. 

The  cursory  study  of  the  MgO-B*C  combustion  synthesis 
reveals  a  noticeable  difference  in  the  reaction  mechanism.  The 
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formation  of  MgO  appears  to  involve  gaseous  Mg  and  liquid  B3O3 , 
at  least  at  one  atm  pressure.  As  the  external  pressure 
increases,  the  evaporation  rate  is  reduced  and  the  reaction 
changes  to  liquid-liquid  interaction.  Because  materials  loss 
due  to  evaporation  is  reduced  at  high  pressures,  more  Mg 
participates  in  the  reaction  to  achieve  a  higher  combustion 
temperature . 
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Table  1:  Results  of  Combustion  Experiments 


Mixture 

V 

cm/s 

Tmax 

°C 

Ar 

atm 

4A1+2B20»+C 

0.19-0.22 

1550-1600 

1 

2A1+Bz0» 

0.26-0.31 

1680-1680 

1 

6Mg+2Bz0a+C 

* 

* 

1 

6Mg+2Bz03+C 

0.93 

1450 

13 

6Mg+2BzC>3+C 

0.56 

2180 

1020 

*  The  combustion  released  much  volatile  which 
clouded  the  chamber  immediately,  and  consequently 
temperature  and  velocity  could  not  be  measured. 
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Figure  1:  DTA  curves  c 
b)  2A1-Ba0, 
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)  4Al-2BaO?-C  and 
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Figure  2 '■  Fructured  surface  of  the  6Mg-2B;>03-C 

combusted  sample  (reacted  in  1  atm  argon 


Figure  3:  Fructured  surface  of  the  Hr  -  F 

combusted  sample  (reacted  in  ",4'rr>  a 
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Heterogeneous  Reaction  Mechanisms  in  the  Si-C  System 
under  Conditions  of  Solid  Combustion 

Abstract 

The  specific  features  of  the  mechanism  and  kinetics  of 
heterogeneous  reactions  which  occur  on  solid  combustion  in 
solid-solid  and  solid-liquid  Si-C  systems  are  discussed. 

Introduction 

Under  the  specific  conditions  of  solid  combustion  also 
specific  mechanisms  of  heterogeneous  reactions  should  occur 
( 1  )  —  ( 3 ,  rendering  possible  the  high  reac  tion  rates  and 
degrees  of  conversion  to  products  observed  here. This  may  be 
exemplified  by  heterogeneous  reactions  in  the  Si+C  system 
under  conditions  of  solid  sombustion. 

Reactions  at  C/SiC  Boundary  and  Ignition  of  the  Si+C  System 

There  is  indirect  evidence  from  combined  DTA-DTG  measurements 
.colour  changes  from  black  to  grey,  and  from  an  increase  of 
the  oxidation  resistance  that  in  the  Si+C  particulate  systems 
the  carbon  particles  become  covered  by  silicon  layers  during 
the  last  stages  of  preheating  preceding  the  onset  of  reaction 
and  i  gn  i  t  i  on  .  Henc e  ,  it  may  be  plausibly  assumed  that  the 
leading  reaction,  responsible  both  for  ignition  and 
propagation  of  the  heat  wave  on  solid  combustion  in  the  Si-C 
system  is  the  exothermic  reaction  between  Si  and  C 
accompanied  by  a  heat  release  which  is  able  to  rise  the 
temperature  of  the  system  by  some  900  to  1600  deg  under 
adiabatic  conditions.  Since  a  thin  SiC  layer  separating  the 
substrates  is  formed  at  the  initial  reaction  stages, 
conversion  of  further  amounts  of  Si  +  C  to  SiC  requires  a 
diffusion  througn  the  SiC  layer. 
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Diffusion  coefficients  in  SiC  are  very  low  and  diffusional 
transport  to  phase  boundaries  should  be  the  rate-  determining 
step  of  the  reaction.  When  Si  and  C  react  with  each  other  it 
is  usually  observed  that  Si  diffuses  into  the  carbon 

particles  (4)(5)  and  that  the  diffusion  coefficient  of  Si  in 
SiC  is  ten  times  greater  than  the  one  of  C  (6).  Hence, 
reactions  at  the  C/SiC  boundary  due  to  diffusion  of  Si 
through  SiC  shall  be  now  considered . In  Fig.l  the  thick  solid 
line  shows  the  concentration  profile  of  Si  while  re  and  rfc 
denote  .respectively,  the  radius  of  the  carbon  particles  at 
time  t=0  and  after  time  t.When  local  equilibrium  at  the 
interface  and  consumption  of  the  whole  flux  of  diffusing 
silicon  in  formation  of  SiC  at  the  C/SiC  boundary  are  assumed, 
one  obtains  from  Fick's  law  and  the  continuity  condition: 

')  --C‘%  -c‘-)Or/c,t  (1) 

S#*  5i  * 

where  :c^  *0;  Dr.  is  the  coefficient  of  diffusion  of  Si  in  SiC 
C  jiC 

SV  St  S  t 

Solution  of  Eqn  (1)  at  boundary  conditions  c_  -Q  /M  and 

s  sc  r°  ° 

c  g  1  /  M  , '  where  g  1  is  the  density  and  M  1  t  h  e  molecular  mass 

of  the  given  species,  respectively,  leads  to  an  equation  for 


the  rate  of  increase  of  the  thickness, y,  of  the  SiC  layer: 

Mou)^  - (drUt )  =  -  (2) 

^  rti0  3(ro/rt) 

whcre:  X-(H*Y/H9iss,e)‘<- 

The  degree  of  advancement  of  the  reaction,  o<  >  in  terms  of 


carbon  consumption  and  for  spherical  and  cylindrical 
particles,  may  be  expressed  by: 

«  •  1  -  '**/' Ve  =  1  ~  (  Ct  /  ro)  (  3  ) 

where:  r#  and  r ^  are  the  radius;  Ve  and  are  the  volume  of 

the  particles  at  a  time  of  t=o  and  t  ,  r e s pec t i v e 1 v . Ta k l n g  into 
account  Eqn. (3),  the  Eqn. (2)  may  be  rewritten  in  form: 

‘  (  Ts.'rX)/  7  r"  (t 
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r=tg.  2 


R  c>.3 


Taking  y=r  ~  r  .  we  obtain  from  Eqn.(3)  and  (4)  after 

®  V 

integration  that: 

Hence, a  plot  of  the  function  of  oC  which  appears  on  the  left- 
hand  side  of  Eqn.(5)  vs. time  permits  to  check  the  model. Fig. 2 
shows  such  a  plot  based  on  microscopic  determinations  of 
carbon  not  converted  to  SiC  in  the  reaction  with  silicon  of 
carbon  fibres  of  two  kinds, W  and  P  ,  respectively (4 ) .The  carbon 
fibres  had  a  circular  section  what  enabled  a  use  of  Eqn.(3). 
The  data  in  Fig. 2.  indeed  lie  along  straight  lines  predicted 
by Eq n . ( 5 ) . Fr om  the  slopes  of  the  lines  an  effective  diffusion 
coefficient  of  2.10E-9  cm  /s  has  been  obtained  for  both  fibre 
types. This  value  is  in  a  good  agreement  with  the  effective 
coefficient  of  diffusion  of  Si  in  SiC  estimated  in  Ref. (5) 
for  a  temperature  of  2050°C  which  is  the  peak  temperature  on 
solid  combustion  in  the  Si+C  system  (4).  Assuming  the  above 
mechanism  of  reactions  at  the  C/SiC  boundary,  the  conditions 
favourable  to  ignition  of  the  S i +Cpa r t i cu 1  a t e  mixtures  shall 
now  be  discussed. In  order  to  do  this  let  us  substitute  in 
Eqn.(4)the  relative  thickness  of  the  layer  y’=y/r0,  for  the 
degree  of  advancement  of  the  reaction  (expressed  in  terms  of 

l/g 

carbon  consumption).  For  cylindrical  particles  ( 1 - ot  )  = 

a(l-y')  and  dy'=  dy/r0  .From  equations  (1),(2)  and(4)  one 
o b t a i n s , a f t er  suitable  rearrangements: 

ic,s,e  ’(»**cXS*')/C»s''cr.( i-y'MogO-l,')]  (0) 

where:  j  i  s  the  flux  density  of  silicon  at  the  C/SiC 

boundary. On  hand  of  the  E  q  n . ( 6 )  a  diagram  may  be  constructed 

in  which  j  ( in  arbitrary  units)  is  plotted  vs. the  reciprocal 
5ic 

temperature  and  the  relative  thickness  of  the  SiC  layer. The 
plot  is  shown  in  Fig. 3. 
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In  deriving  the  plot  a  temperature  dependence  of  such  as 

found  in  Ref. (5)  was  taken  into  account. The  conclusions  from 
Fig. 3  are  tiival  but  important  for  further  anal y s i s . Ac  cor d ing 
to  thermal  balance , ignition  of  the  reactive  mixture  of  C+Si 
should  occur  when  the  product  of  heat  effect  of  the  reaction, 
Q,(in  J/mole)  and  flux  density  of  Si  at  the  C/SiC  boundary 
boundary  ,j^,  is  equal  or  greater  than  the  heat  losses: 

*  -*(dT^cis.c  <6) 

where:  ^  is  the  coefficient  of  thermal  conductivity,  ,and 
dT/dr  is  the  temperature  gradient  at  the  phase  boundary. 
Eqn.(6)  indicates  that  a  high  flux  density  of  Si  at  the  C/SiC 
boundary  is  necessary  for  ignition  of  the  mi x t u r e . Acc or d i ng 
to  Fig. 3  t  this  requirement  is  met  only  when  the  SiC  layer  is 
thin, even  at  elevated  temperatures . Such  a  conclusion  is  the 
counterpart,  for  heterogeneous  reactions,  of  the  conclusion 
drawn  in  case  of  homogeneous  reactions  that  most  favourable 
conditions  for  ignition  of  a  reactive  mixture  should  occur  at 
low  degrees  of  advancement  of  the  reaction  only. 


Reactions  at  the  SiC/Si(l)  Boundary  and  Formation  of  the 
Final  Product 


A  high  flux  density  at  the  C/SiC  boundary  is  also  necessary 
for  high  reaction  rates  at  higher  degrees  of  advancement  of 
the  reaction.  In  terms  of  the  model  proposed,  this  means  that 
the  initially  thin  SiC  layer  should  remain  constant  over  the 
whole  solid  combustion  process. This  may  take  place  when  due 
to  an  increase  of  temperature  of  the  system  after  ignition 
silicon  melts  and  dissolution  of  the  SiC  layer  at  the 
SiC/Si ( 1 )  becomes  possible. Let  us  consider  the  concentration 
profile  of  carbon  at  the  SiC/Si(l)  boundary,  shown  in  Fig. 4. 
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Fick's  law  and  continuity  condition  lead  to  an  equation: 

( dc/«u)  (a> 

q  Cco  ~  c  e<i ) 

where:  D  ${(Q  is  the  coefficient  of  diffusion  of  carbon  in 

liquid  silicon;  x  is  the  distance  from  the  SiC/Si(l)  boundary 

C  C  C  C 

in  the  liquid. At  x-0  c  *  c£  in  the  solid  and  c  ■  c^  in  the 

liquid,  respectively,  where  is  the  equilibrium  concentra- 

e> 

tion  of  carbon  in  liquid  silicon  (a  local  equilibrium  is  thus 
assumed  at  the  SiC/Si(l)  boundary).  The  concentration  of  C  in 
in  liquid  silicon  in  function  of  distance, x,  and  tiroe.t,  is: 

X 


CC(*, t)  -Jerfef' 


ci) 


(9) 


whcici  c „  is  the  concentration  of  carbon  far  away  from  the 

co 

SiC/Si(l)  boundary. Let  us  denote  x/^2^  D^^t)  =  z  .Since 

erfc(z-2)  *0  : 


and 


X 

■  4 

^2 

(10) 

-  f  / 

4*  -  v 

f  TsC  .  \ 

v2 

(11 ) 

**  \ 

■t  y 

a  function  of  the 

degree 

0  f 

advancement  of 

reaction  (in  terms  of  carbon  consumption)  for  time  t,  and 


W,  ’  i  C-pfer) 


■CC  -  >C  C 


noting  that  c  =0  one  obtains  from  Eqns.(4)  and  (11): 

oo 

r  i ,/e 

L  { 1  -  (1  -ex)  [1-2  log  (4  -of)"*  ]  p0  j  (12) 

Growth  of  the  primary-SiC  layer  at  the  C/SiC  boundary  and  its 


dissolution  at  the  SiC/Si ( 1 )  boundary  may  lead  to  three  types 
of  behav iour : 

a.  growth  rate  higher  than  the  dissolution  rate;  comparing 
Eqns.(4)  and  (12)  this  should  be  the  case  when: 

(?»/<*<),  >  {**/*), 


'2  ) 


where : 

K«)  = 


?l»>.  <  fW 

t>* 

c 

•c 1  -o  -*)[i-2i  03 

{-ti-^tosCi-ocy^y 


(13) 
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b.  growth  rate  at  the  SiC/C  boundary  equal  to  the  dissolu¬ 
tion  rate  at  the  SiC/Si  interface;  this  should  occur  when: 


(*/«■*),  =  (*/«), ;  (u) 

•P  s.c 

c. growth  rate  at  the  SiC/C  boundary  lower  than  the  dissolu¬ 


tion  rate  at  the  SiC/Si  boundary;  this  should  occur  when: 

<  (**l«*)z  ; 

V  Si C 


(15) 


The  behaviour  a . correspond s  to  the  one  predicted  by  the  clas¬ 
sical  model  of  heterogeneous  reactions  under  nearly  isother¬ 
mal  conditions;  the  behaviour  c.is  a  simple  dissolution  of 
the  product  layer  and/or  of  the  solid  substrate  in  the 
liquid. The  behaviour  b.  corresponds  to  a  constant  thickness 
of  the  product  layer . Together  with  behaviour  of  type  c.  it 
may  ensure  high  rates  of  reaction  up  to  the  total  conversion 
to  products,  such  as  occurs  on  solid  combustion. 

Experimental  data  are  known  for  all  quantities  which  appear 
in  Eqns.(4)  and  ( 1 2 ). Inserting  into  Eqns.(4)  and  (12)  data 
taken  from  Ref.  (5 ) , (7 )-( 10)  , and  taking  into  account  an 

average  experimental  error  of  determinations  of  the  diffusion 

C  Si 

coefficients  in  SiC  (see  Ref. (11)),  a  plot  of  log(D^ 
and  of  log  F ( of )  vs.  reciprocal  temperature  may  be  construct¬ 
ed.  The  plot,  shown  in  Fig. 5,  enables  to  estimate  the  range 
of  temperatures  at  which  a  given  type  of  behaviour  should 
predominate.  According  to  the  Figure,  the  classical  mechanism 
of  continuous  growth  of  primary  SiC  layer  should  predominate 
at  temperatures  below  about  1900  °C  and  the  one  of  dissolut¬ 
ion  of  SiC  and/or  of  carbon  in  silicon  at  temperatures  above 
2100*C. Owing  to  similar  rates  of  growth  and  of  dissolution  of 
the  layer, a  thin  layer  of  SiC  of  a  constant  thickness  i 
expected  to  occur  in  the  intermediate  range  of  temperatures, 


between  about  1900  and  2100°C  .  It  may  be  noted  that  this 
is  the  very  range  of  peak  tmperatures  temperatures  estimated 
to  occur  on  solid  combustion  in  the  Si-C  system  (12). The 
occurrence  of  a  primary-SiC  layer  of  a  constant  thickness  is 
tantamount  to  a  mechanism , shown  in  Fig. 6, in  which  a  thin 
layer  of  SiC  moves  into  the  carbon  substrate  owing  to  its 
simultaneous  growth  at  the  C/SiC  boundary  and  its  dissolution 
at  the  SiC/Si(l)  boundary. The  moving  layer  thus  pulls  a 
solution  of  C  in  liquid  silicon  in  its  wake  and  the  final 
product, i.e.  secondary  SiC,  is  eventually  formed  by 
crystallisation  from  the  supersaturated  solution.  The 
mechanism  explains  rationally  the  morphology  of  SiC  formed  by- 
reaction  of  Si  and  C  under  conditions  of  solid  combustion.lt 
has  been , namely ,  found  that  the  SiC  particles  are  here  the 
metamorphoses  of  the  original  carbon  particle,  be  it  a  fibre, 
carbon  black , charcoal , or  natural  graphite  (13)— (15). 

Conclusions 

A  mechanism  of  heterogeneous  reactions  in  the  Si-C  particula¬ 
te  system  on  solid  combustion  has  been  proposed,  according  to 
which  a  constant  small  thickness  of  the  primary  SiC  is 
retained  due  to  simultaneous  growth  and  dissolution  at  oppo¬ 
site  phase  boundaries  and  the  formation  of  the  final  product, 
secondary  SiC, occurs  by  crystallization  from  the  supersatura¬ 
ted  liquid  solution.lt  has  been  assessed  that  this  mechanism 
occurs  in  the  Si-C  system  at  temperatures  between  1900  and 
2100°C  which  are  the  peak  temperatures  on  solid  combustion  in 
the  Si+C  system. At  lower  temperatures  the  classical  mechanism 
of  heterogeneous  reactions,  characterised  by  a  continuous 
growth  of  thickness  of  the  SiC,  should  predominate  and  hamper 
the  lower  the  reaction  rate/  and  overall  conversion. 
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The  latter  behaviour  has  been  observed  earlier  by  us  in 
Si-C  particulate  system  at  slower  rates  of  temperature 
increase  during  the  preheating  stage  (14).  The  mechanism 
proposed  in  the  present  paper  for  the  Si-C  system  probably 
also  occurs  on  solid  combustion  in  C,B-metal  systems , other 
than  Si-C,  what  follows  from  direct  microscopic  observations 
of  the  behaviour  of  the  latter  systems  reported  in  Ref.(l). 
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Captions  of  Figures 

Fig. 1. Model  of  reactive  diffusion^ at  the  C/SiC  boundary 
Fig. 2  Plot  ofA-(l-«)[*l  -21og(  l-tf)jvs  time  obtained  in  the 
case  of  two  types  of  carbon  fibres  (W  and  P)  of  a  different 
radius,  reacting  with  silicon  at  a  temperature  around  2050*0. 
Fig. 3  Flux  density  of  silicon  at  the  C/SiC  boundary  (in 
arbitrary  units)  vs.  reciprocal  temperature  and  relative 
thickness  of  the  SiC  layer 

Fig. 4  Model  of  dissolution  at  the  SiC/Si(l)  boundary 

Fig. 5  Plot  of  1  og  (  D  )  and  of  log  F(OC)  vs.  reciprocal 

temperature  for  the  Si  +  C  system 

Fig. 6  Model  of  reactions  occurring  in  the  Si+C  system  under 
conditions  of  soil'd  combustion 
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EXPERIMENTAL  MODELING  OF  PARTICLE-PARTICLE  INTERACTIONS  DURING  SHS  OF 
TIB2/AL203. 

K.  V.  Logan,*  J.  T.  Sparrow,  W.  J.  S.  McLemore 
Georgia  Tech  Research  Institute,  Atlanta,  Georgia. 

ABSTRACT 

Simplistic,  experimental  models  of  the  A1  +  82©^  and  A1  +  T i 0^  reactions 
are  being  developed.  The  interaction  between  aluminum  and  boron  oxide  in  tne 
two-component  system  began  with  the  melting  of  B2O.J.  The  reaction  between 
aluminum  and  titanium  dioxide  occurred  at  a  higher  temperature  than  the  Al/B^ 0^ 
reaction  in  their  respective  two-component  reactions.  The  aluminum  metal 
oxidized  and  reacted  with  titanium  oxide  forming  titanium,  titanium-aluminum 
alloys  and  A1203  through  a  series  of  intermediate  steps  depending  on  the 
relative  amounts  of  aluminum  and  oxygen  present. 


MS  #22 


EXPERIMENTAL  MODELING  OF  PARTICLE-PARTICLE  INTERACTIONS  DURING  SHS  OF  TIB2/AL203 
K.  V.  Logan,*  J.  T.  Sparrow,  W.  J.  S.  McLemore 
Georgia  Tech  Research  Institute,  Atlanta,  Georgia. 

I.  INTRODUCTION 

Self-propagating  high  temperature  synthesis  (SHS)  reactions  have  been 
successfully  used  to  synthesize  pure  and  composite  materials.  The  reaction 
behavior  and  resultant  product  configuration,  determined  mainly  by  operator 
experience,  can  sometimes  be  uncontrollable  and  unpredictable.  Prior  research 
has  shown  the  effects  of  various  process  parameters  on  the  behavior  and  products 
of  the  reactions  given  by  equations  (1),  (2)  and  ( 3 ) . 1 

2A1  +  B203  -->  A1203  +  2B  Ah  -  -96  kcal/mole  (1) 

4A1  +  3Ti02  -->  2A1203  +  3Ti  Ah  -  -124  kcal/mole  (2) 

10A1  +  3B203  +  3Ti02  ->  5A1203  +  3TiB2  AH  -  -297  kcal/mole  (3) 

An  experimental,  mechanistic  model  of  the  reaction  depicted  in  equation  (3) 
was  begun  using  differential  thermal  analysis  (DTA)  as  a  means  of  identifying 
critical  point  temperatures  and  phase  changes.2  Next,  interactions  between 
aluminum  and  boron  oxide  were  studied. ^ ^  This  paper  will  discuss  the  continued 
development  of  the  model. 

UL _ EXPERIMENTAL  APPROACH 

The  three-component  reaction  depicted  in  equation  (3)  is  complex; 
therefore,  individual  components  and  possible  intermediate  reactions  were 
studied  separately.  Enthalpy  calculations  indicated  exothermic  reactions  could 
theoretically  occur  between  Al+B203,  Al+Ti02  and  Al  +  B203+Ti02 .  The 

stoichiometric  reactions  are  depicted  in  equations  (1),  (2)  and  (3).  There  are 

numerous  intermediate  reactions  which  could  also  occur;  however,  the  present 

1 

10 

yix 
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modeling  effort  will  consider  only  reactions  following  equations  (1),  (2)  and 


(3).  The  raw  material  reactants  consisted  of  <40  micron  atomized  aluminum 
metal,  <40  micron  boron  oxide  and  <one  micron  pigment  grade  titanium  dioxide 
powders.  Table  I  lists  relevant  melting  points  and  crystal  structures  of 
possible  reaction  components  and  species. 


Table  I.  Relevant  Component /Product  Properties 


Component 

Melting  Pt. 

Vapor  Pt. 

Crvstal  Structure 

<°C) 

(°C) 

B2O3 

450 

1860 

Rhombohedral 

A1 

660 

2618 

FCC 

aib2 

650 

— 

Hexagonal 

AlpO^  / 

1035-1950 

— 

— 

Ti3Al 

1472 

— 

— 

Ti 

1660 

3287 

Hex.  to  840,  then  BCC 

Ti02 

1830 

2500-3000 

Tetragonal 

A1203 1 Ti02 

1860 

— 

— 

B 

2027 

2550 

Rhombohedral 

Al203 

2080 

2980 

Hexagonal 

TiB2 

3000 

---- 

Hexagonal 

Bulk  powder  reactions  and  individual  particle-particle  interaction s  were 
observed  and  documented  using  the  following  techniques: 

1-  Differential  thermal  analysis  (DTA)  was  performed  on  aluminum  powders 
and  mixtures  of  AI/B2O3,  Al/Ti02  and  Al/B203/Ti02  powders.  The  samples  were 
heated  in  static  air  and  flowing  argon  atmospheres  at  25  to  50°C/min.  in  a  DTA 
using  the  differential  scanning  calorimetry  (DSC)  mode. 

2.  A  resistance  strip  heating  technique  was  used  on  small  amounts  of 
powders  and  mixtures  of  powders  in  tantalum  boats  clamped  between  electrical 
contacts.  Sample  heating  was  conducted  under  vacuum  until  a  reaction  occurred. 

3.  Room  temperature/auto-ignitions  were  made  on  bulk  quantities  of  two  and 
three-component  combinations  of  reactants.  The  room  temperature  ignitions  were 
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initiated  using  a  hot  wire  technique,  and  the  auto- ignitions  were  made  in  a 
controlled  environment  furnace. 

4.  An  optical  hot  stage  microscope  with  an  alumina  stage  was  used  to 
observe  individual  and  multiple  particle  behavior  when  heated  up  to  1000°C. 

5.  A  high  temperature  stage  was  used  in  a  transmission  electron  microscope 
(TEM)  in  order  to  observe  the  AI/B2O3  interaction  from  room  temperature  to  the 
melting  points  of  boron  oxide  or  aluminum.  Thin  section  samples  were  prepared 
from  aluminum  particles,  coated  with  B2O3  by  thermal  evaporation,  then  heated 
until  a  reaction  occurred.  Micrographs  and  selected  area  diffraction  were  used 
to  document  chemical/crystalline  changes. 

III.  RESULTS 

This  section  discusses  the  experimental  results  obtained  from  studying  bulk 
powder  reactions  and  individual  particle-particle  interactions. 

Water:  Reactions  with  water  were  possible  with  all  three  main  components. 

At  room  temperature,  aluminum  adsorbed  a  small  amount  of  water  on  the  particle 
surfaces,  "md  Ti02  adsorbed  a  much  larger  amount  because  of  the  higher  surface 
area.  Boron  oxide  was  extremely  hygroscopic.  Water  was  difficult  to  remove  and 
keep  removed  once  incorporated  into  the  B2O3  structure.  Extremely  violent 
reactions  occurred  when  the  raw  materials  were  allowed  to  acquire  water; 
therefore,  care  wa?  taken  to  use  dry  powders. 

Aluminum/ Aluminum  Oxide:  Resistance  heating  of  single  aluminum  particles 

allowed  documentation  of  the  passivating  aluminum  oxide  film  morphology  and 
behavior.  Aluminum  particles,  as  received,  were  coated  by  a  relatively  thin 
oxide  film  about  50  angstroms  thick.  As  the  particles  were  heated  to  the 
melting  point  of  aluminum,  the  oxide  film  separated,  exposing  aluminum  metal 
which  continued  to  oxidize  as  the  reaction  progressed.  Particles  of  aluminum 
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were  pre-oxidized  to  document  the  characteristic  behavior  of  thicker  oxide 


films.  Figure  1  shows  the  oxide  formation  on  the  surface  of  an  aluminum 
particle  exposed  to  oxygen  eight  hours.  As  the  particle  was  heated,  the  oxide 
film  parted  and  the  oxide  growth  continued  in  a  dendritic  manner.  Figure  2 
shows  a  thicker  oxidized  coating  which  formed  on  an  aluminum  particle  exposed  to 
oxygen  24  hours.  When  the  pre-oxidized  aluminum  particle  was  heated,  the  thick 
oxide  coating  cracked.  The  aluminum  then  expanded  and  pushed  out  of  the  alumina 
shell  to  be  exposed  to  further  oxidation.  The  thick  oxide  coatings  remained  as 
hollow  spheres  of  AI2O3  after  the  reaction  was  completed. 

Aluminum/ Boron  Oxide:  Figure  3  shows  the  results  of  heating  a  bulk  mixture 
of  aluminum  and  boron  oxide  powders  to  a  temperature  just  above  the  melting  point 
of  aluminum.  Spherical,  hollow  shells  covered  with  needle-like  crystals  remained 
after  aluminum  reacted  with  boron  oxide.  XRD  analysis  of  the  bulk  material 
showed  alpha-alumina  and  9Al203 • 2B2O3 . 

A  composite  thin  section  of  aluminum  coated  with  boron  oxide  was  heated  in 
the  TEM.  Small  needle-like  crystals  formed  on  the  surface  of  the  thin  section 
s'imilar  to  those  formed  in  the  bulk  mixtures.  Electron  diffraction  analysis 
indicated  that  the  crystals  were  9A1203'2B203. 

Aluroina/Boron  Oxide:  Acicular  type  crystals,  similar  to  those  shown  in 
Figure  3,  also  formed  when  a  mixture  of  alumina  and  boron  oxide  was  heated. 
Figure  4  shows  acicular  crystals  embedded  in  boron  oxide.  X-ray  diffraction 
analysis  confirmed  the  presence  of  9A1203 ■ 2B203 . 

Aluminum/Titanium  Dioxide:  Figure  5  shows  the  results  of  heating  a  bulk 
mixture  of  aluminum  and  titanium  dioxide  powders  to  a  temperature  above  the 
melting  point  of  aluminum  and  to  a  point  where  a  reaction  with  titanium  dioxide 
occurred.  SEM/EDXRA  showed  a  melted  mass  in  the  central  region  composed  of 
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titanium  and  some  aluminum.  It  is  not  possible  to  determine  whether  the 
compound  is  an  oxide  or  metal  with  the  EDXRA  system  used  for  the  analysis. 
However,  based  on  prior  determinations,  the  small,  white  spheres  at  the  boundary 
of  the  mass  are  aluminum  oxide  shells.  XRD  of  the  product  indicated  titanium,  a 
titanium-aluminum  alloy  and  alpha-alumina.  The  interface  between  the  spheres  and 
melted  mass  was  high  in  aluminum  content,  indicating  absorption  of  aluminum  oxide 
into  the  melted  mass. 

Alumina /Titanium  Dioxide:  Figure  6  shows  the  interaction  between  titanium 
dioxide  ®nd  alumina.  EDXRA  indicated  a  melted  area  consisting  only  of  a 
compound  containing  titanium.  Apparent  aluminum  oxide  crystals  remained  as 
discrete  crystallites,  indicating  the  probable  temperature  attained  to  be 
between  the  melting  point  of  Ti02  (1830°C)  and  Al203  (2080°C) . 

Aluminum/Boron  Oxide /Titanium  Dioxide:  Interaction  between  the  three  main 
reactants  can  be  seen  in  Figures  7  and  8.  Figure  7  is  a  secondary  image  SEM 
showing  a  fibrous  growth  (white  image)  on  the  surface  which  is  not  visible  in  a 
back-scattered  image  SEM  (Figure  8) .  The  fibrous  growth  is  probably  a  boron 
oxide  compound  since  the  fibers  are  not  visible  in  the  back-scattered  image. 
Neither  boron  nor  oxygen  could  be  detected  by  the  EDXRA  system  used  for  the 
observation.  The  small,  whitish  particles  on  the  surface  of  the  gray  area  were 
identified  as  a  titanium  compound,  and  the  gray  area  as  an  aluminum  comp-ind. 

Reaction  Analysis 

The  as-received  al’iminum  powder  and  mixtures  of  Al+B203,  Al+?i02  and 
Al+B203+Ti02  were  analyzed  by  DTA  in  argon  and  air.  Table  II  is  a  tabulation  of 
the  results.  Temperatures  correspond  to  peak  onset  and  maximum,  respectively. 
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Table  II.  Tabulation  of  Thermal  Analysis  Results 


A1 

A1  / B0O3 

Al/Ti02 

Endo 

Exo 

Endo 

Exo 

Endo  Exo 

(Onset/Max) (Onset/Max) 

(Max) 

(Onset/Max) 

(Max) 

(Onset /Max) 

Air  (°C) 

656/669 

885/1074 

660 

998/1040 

660 

945/1010 

cal/gm 

86 

330 

Argon  (°C) 

650/667 

None 

660 

1000/1030 

660 

1060/1110 

cal/gm 

77 

90 

Analysis 

of  the 

aluminum  metal 

in  air 

and  argon 

showed 

an  endotherm  which 

corresponded  to  the  melting  point  temperature  of  aluminum.  An  endotherm 
occurred  around  660°C  in  all  of  the  mixtures  at  the  melting  point  of  aluminum. 
The  exotherm  in  air  was  due  to  the  oxidation  of  aluminum. 

The  exotherm  which  occurred  during  the  analysis  of  AI/B2O3  in  argon  was  the 
beginning  of  the  oxidation  of  aluminum  and  reduction  of  the  B2O3.  The  peaks  and 
the  onsets  both  in  air  and  argon  which  occurred  during  the  analysis  of  AI/B2O3  in 
air  were  generally  the  same.  The  cal/gm  generated  in  air  was  only  slightly 
larger,  indicating  that  the  oxidation  exotherm  was  not  strongly  influenced  by  the 
oxygen  or  nitrogen  present  in  air.  Apparently  the  B203  melted  and  encapsulated 
the  aluminum  during  the  reactions,  preventing  the  aluminum  particles  from 
reacting  with  the  oxygen  or  nitrogen  present  in  air. 

The  onset  of  the  oxidation  exotherm  in  air  which  occurred  during  the 
analysi*  of  Al/Ti02  began  at  a  lower  temperature  and  generated  a  significantly 
larger  cal/gm  than  the  oxidation  reaction  in  argon,  indicating  a  strong 
influence  on  the  reaction  from  the  oxygen  or  nitrogen  present  in  air.  Also,  the 
onset  of  the  reaction  of  AI/B2O3  in  argon  began  at  a  lower  temperature  than  the 
onset  of  the  reaction  of  Al/TiC>2  in  argon,  indicating  that  the  aluminum  reduction 
of  B2O3  occurred  before  the  aluminum  reduction  of  Ti02. 

XRD  analysis  for  stoichiometric  mixes  of  AI/B2O3  samples  heated  in  air 
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indicated  the  presence  of  alpha-A^C^  and  the  aluminoborate,  9AI2O3 • 2B2O3 . 
Apparently  some  of  the  aluminum  was  oxidized  by  the  oxygen  available  in  the  air, 
allowing  excess,  unreacted  B2O3  to  react  with  the  newly  formed  AI2O3 •  XRD 
analysis  for  samples  heated  in  argon  showed  peaks  corresponding  to  alpha-A^C^, 
9AI2O3 *28203  and  elemental  aluminum.  The  presence  of  aluminum  can  be  explained 
by  an  incomplete  reaction.  Boron  was  not  confirmed  by  XRD.  It  is  possible  that 
amorphous  boron  formed;  or,  any  boron  that  formed  during  the  reaction  re¬ 
oxidized  when  the  sample  was  ground  for  XRD  analysis. 

XRD  analysis  for  stoichiometric  mixes  of  Al/Ti02  samples  heated  in  air 
indicated  the  presence  of  alpha-Al203  and  titanium  nitride.  XRD  analysis  for 
samples  heated  in  argon  showed  peaks  corresponding  to  alpha-A^C^,  elemental 
titanium  and/or  titanium-aluminum  alloys,  and  titanium  dioxide.  The  presence  of 
titanium  was  confirmed  by  using  SEM/EDXRA.  XRD  analysis  of  the  three-component 
system  showed  the  products  to  be  titanium  diboride  and  alpha-alumina. 

IV.  SUMMARY 

The  three-component  experimental  model  is  being  developed  as  information  is 
obtained  from  the  observed  and  experimental  analyses.  Simplistic,  experimental 
models  of  AI+B2O3  and  Al+Ti02  reactions  are  being  developed  first.  The 
interaction  between  aluminum  and  boron  oxide  began  with  the  melting  of  B2O3 .  The 
presence  of  water  lowered  the  melting  point  of  boron  oxide  and  added  to  the 
violence  and  unpredictability  of  the  reaction.  The  aluminum  metal  began  to 
expand,  disrupting  the  continuity  of  the  AI2O3  film  covering  the  particles.  The 
aluminum  then  reduced  the  boron  oxide,  forming  boron,  Al203  and  9AI2O3 ' 2B2O3 , 
depending  on  the  relative  amounts  of  oxygen  and  B2O3  present. 

The  reaction  between  aluminum  and  titanium  dioxide  in  argon  occurred  at  a 
higher  temperature  than  the  AI/B2O3  reaction.  The  aluminum  metal  oxidized  and 
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reacted  with  titanium  oxide  forming  titanium,  titanium-aluminum  alloys  and  AI2O3 
through  a  series  of  intermediate  steps  depending  on  the  relative  amounts  of 
aluminum  and  oxygen  present. 

In  the  Al+B203+Ti02  reaction,  boron  and  titanium  became  available  through  a 
series  of  intermediate  steps.  The  free  titanium  then  reacted  with  boron  to  form 
titanium  diboride  concurrently  with  aluminum  oxide.  Variations  in  the 
stoichiometry  of  the  reactants  and  the  presence  of  water,  oxygen  or  nitrogen  can 
determine  or  control  the  amounts  and  types  of  compounds  produced  by  the 
reaction. 
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Figure  5.  Alumina  Being  Absorbed  Ini  •  the  Figure  /.  Seconjaiy  Image  SEM  Showing  Interaction 

Titanium  Compound.  Between  the  Three  Main  Reactants. 
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Figure  6.  Interaction  Between  Alumina  and  Figure  8.  Back-Scattered  SEM  Showing  Interaction 

Titanium  Oxide.  Between  the  Three  Main  Reactants. 
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Abstract 

The  process  of  combustion  synthesis  was  used  to  produce  ceramic-metal  composite 
materials  consisting  of  titanium  carbide  (TiC)  and  an  intermetallic  alloy  of  the  nickel- 
aluminum  (Ni-Al)  system.  The  samples  were  produced  by  rapidly  heating  a  mixture  of 
elemental  titanium  (Ti),  carbon  (C),  Ni,  and  A1  powders  in  a  graphite  die  15)  to  the  ignition 
temperature.  By  applying  mechanical  pressure  during  or  immediately  following  the 
combustion  reaction,  products  of  greater  than  99%  of  theoretical  density  were  obtained. 

By  varying  the  combustion  synthesis  parameters,  the  properties  of  the  product  can  be 
tailored  to  meet  specific  application  needs.  Apparent  applications  of  such  composites 
include  cutting  tools,  wear  parts,  structural  components,  armor,  etc... 

1.  Introduction 

One  of  the  major  drawbacks  in  the  combustion  synthesis  of  refractory  materials  is  the 
highly  porous  nature  of  the  products.  This  porosity  is  caused  by  three  basic  factors:  1)  the 
molar  volume  change  inherent  in  the  reaction,  2)  the  porosity  present  in  the  unreacted 
sample,  and  3)  adsorbed  gases  which  are  present  on  the  reactant  powders.  In  the  reaction 
between  Ti  and  C  to  form  TiC,  for  example,  the  product  is  approximately  23%  more  dense 
.  than  the  reactants.  Furthermore,  the  unreacted  powders  are  generally  cold  pressed  to  the 
50-70%  density  range.  Thus,  without  densification  occurring  one  could  not  expect  to 
obtain  a  product  of  greater  density  than  approximately  50%.  Maksimov  et  al.  [1]  and  Holt 
and  Munir  [2]  have  also  found  that  adsorbed  gases  greatly  contribute  to  the  porosity  of  the 
final  product.  This  is  due  to  the  massive  expansion  which  takes  place  as  these  gases  are 
rapidly  heated  from  ambient  temperature  up  to  the  combustion  temperature.  Because  of 
the  porosity  of  these  products  the  majority  of  the  materials  produced  are  used  in  powder 
form.  If  dense  materials  are  desired  the  powders  then  generally  must  undergo  some  type  of 
densification  process  such  as  sintering  or  hot  pressing.  The  ideal  production  process 
would  combine  the  synthesis  and  densification  steps  into  a  one  step  process. 

In  this  paper  the  use  of  a  low-pressure  hot  pressing  technique  to  produce  dense 
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ceramic-metal  composites  will  be  demonstrated  by  results  from  wort:  on  the  Ti-C-Ni-Al 
system.  This  system  was  selected  because  strongly  exothermic  reactions  occur  in  both  the 
Ti-C  and  Ni-Al  systems  and  because  of  interest  in  composite  materials  consisting  of  TiC 
and  an  intermetallic  alloy  of  the  Ni-Al  system  for  various  structural,  cutting  tool,  and  armor 
applications. 

2.  Experimental  Procedures 

Small  particle  sizes  of  titanium,  nickel,  aluminum,  and  carbon  were  used  in  all  of  the 
combustion  experiments.  The  titanium,  obtained  from  Alfa  Products,  had  an  average 
particle  size  of  1 1  pm  and  a  measured  surface  area  of  0.5  m^g'l.  A  spectrochemical 
analysis  showed  the  principle  impurities  to  be:  Zr,  5000  ppm;  Al,  2000  ppm;  Ca,  1000 
ppm;  Si,  100  ppm;  Mn,  100  ppm;  and  Mg,  100  ppm.  The  nickel  powder,  obtained  from 
EM  Scientific,  had  an  average  particle  size  of  83  pm  and  a  measured  surface  area  of  0. 1 
m^g'l.  The  major  impurities  were  found  to  be:  Co,  100  ppm;  Cu,  2  ppm;  and  Al,  1  ppm. 
The  aluminum  powder,  obtained  from  ALCOA,  had  an  average  particle  size  of  9.9  pm  and 
a  measure  surface  area  of  1.1  m^g'*.  The  major  impurities  were  found  to  be:  Fe,  100 
ppm;  Si,  30  ppm;  Ga,  10  ppm;  Cu,  10  ppm;  and  Mn,  10  ppm.  Amorphous  furnace  black 
was  selected  for  use  because  this  form  of  carbon  is  much  more  reactive  than  graphite. 
Monarch  905  furnace  black  was  used,  which  is  a  very  fine  (0.01  pm)  powder  obtained 
from  Cabot  Corporation  with  a  surface  area  of  230  m^g'*. 

Reagent  powder  mixtures  were  prepared  for  the  following  three  basic  reactions: 


Ti  +  C  +  x  (Ni  +  Al) 

(1) 

Ti  +  C  +  x  (3  Ni  +  Al) 

(2) 

50wt%  (Ti  +  C)  +  50wt%  (y  Ni  +  z  Al) 

(3) 

where  x  ranged  from  12.5  to  75  wt%  while  y  and  z  were  such  that  the  proper  stoichiometry 
existed  in  the  mixture  to  form  each  of  the  Ni-Al  compounds  known  to  exist.  It  should  be 
noted  that  the  Ni-Al  part  of  both  the  reagents  and  products  will  be  referred  to  as  the 
’binder1.  The  reagent  powders  were  weighed  out  in  the  proper  stoichiometric  proportions 
keeping  a  constant  equimolar  ratio  of  titanium  to  carbon  but  varying  both  the  amounts  of  Ni 
and  Al  and  the  ratio  of  Ni  to  Al  in  the  binder.  The  powder  batches  were  mixed  in  a  glass 
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jar  for  30  minutes  on  a  mechanical  shaker  and  were  inspected  periodically  to  insure  that 
even  mixing  was  occurring. 

The  powder  mixture  was  then  poured  into  a  cylindrical  graphite  die  that  had  been 
fitted  with  a  254  pm  (10  mil)  graphoil  liner.  This  liner  served  both  to  protect  the  die  and  to 
promote  the  escape  of  gases  during  combustion.  The  graphite  die  was  equipped  with 
double  acting  graphite  rams  which  were  machined  so  that  there  was  a  clearance  of  127  pm 
(5  mil)  after  insertion  of  the  graphoil  liner.  The  powder  mixture  was  cold  pressed  at  a 
pressure  of  20.7  MPa  (3000  psi)  where  it  achieved  a  density  of  approximately  50  %  of 
theoretical.  The  die  assembly  was  then  inserted  into  the  hot  pressing  apparatus  and 
resistively  heated  at  approximately  1500  K/minute.  A  thermocouple  was  inserted  into  a 
hole  in  the  side  of  the  die  so  that  the  approximate  die  temperature  at  ignition  could  be 
monitored.  When  ignition  occurred  the  hydraulic  rams  were  compressed  to  the  desired 
pressure.  This  pressure  was  held  for  approximately  1  to  2  minutes  (until  the  die  was  not 
red  hot). 

3.  Results  and  Discussion 
3.1  Temperature  Profile 

Figure  1  shows  a  temperature  profile  measured  during  the  combustion  of  the  mixture 
shown  in  equation  1  where  x  has  a  value  of  50wt%.  It  should  be  noted  that  this  particular 
sample  was  free  standing,  that  is  it  was  not  combusted  in  the  hot  pressing  apparatus.  In 
this  experiment  an  80  pm  (3  mil)  tungsten-rhenium  thermocouple  was  placed  into  a  small 
hole  in  the  bottom  of  the  sample  opposite  the  end  where  ignition  occurred.  The  output 
voltage  of  the  thermocouple  was  monitored  using  a  Hewlett  Packard  multiprogrammer 
system  developed  by  Dunmead  and  Holt  [3].  Here,  it  can  be  seen  that  this  reaction 
between  solids  is  typified  by  a  relatively  sharp  rise  from  ambient  temperature  up  to  a  peak 
combustion  temperature  of  approximately  2473  K  (2200°C)  followed  by  cooling  to  a 
plateau  at  approximately  2073  K  (1800°C),  a  slight  increase  in  temperature  and  then 
further  cooling  back  to  ambient  temperature.  It  is  interesting  to  note  that  this  secondary 
increase  in  temperature  was  not  found  by  Dunmead  et  al.  [4]  in  a  similar  reaction  in  which 
the  Al  was  omitted.  The  heating  rate  realized  in  the  zone  of  sharpest  temperature  increase 
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was  calculated  to  be  on  the  order  of  SxlO4  Ks"1. 

The  temperature  profile  in  Figure  1  indicates  that  the  compact  remains  at  an  elevated 
temperature  well  after  the  combustion  front  has  passed.  The  phase  in  the  Ni-Al  system 
with  the  highest  melting  point  is  the  1:1  compound,  NiAl,  which  has  a  melting  point  of 
191 1  K  (1638°C).  The  compact  remains  above  this  temperature  for  approximately  23 
seconds,  and  thus  a  liquid  phase  must  exist  for  at  least  this  amount  of  time.  As  a  result  of 
the  existence  of  this  liquid  phase  the  application  of  pressure  during  this  time  should  result 
in  the  densification  of  the  product. 

3.2  X-ray  Diffraction 

Table  I  shows  the  results  of  x-ray  diffraction  work  which  was  done  on  the  products 
of  combustion  of  the  mixtures  shown  in  Equation  3.  It  should  be  pointed  out  that  all  of 
these  reactions  were  carried  out  in  the  hot  pressing  apparatus  under  a  mechanical  pressure 
of  20.7  MPa  (3000  psi).  In  this  series  of  experiments  the  Ni  to  A1  ratio  in  the  binder  was 
varied  so  that  the  stoichiometric  relationships  of  all  7  compounds  of  the  Ni-Al  system  (Ni, 
Ni3Al,  Ni5Al3,  NiAl,  NijA^,  NiAl3,  and  Al)  were  represented.  As  can  be  seen  in  Table 
I,  when  the  binder  composition  was  Ni,  3Ni+Al,  Ni+Al,  and  2Ni+3Al  the  product 
contained  only  TiC  and  the  Ni-Al  phase  with  the  same  stoichiometry  as  was  in  the 
.  reactants.  When  however,  the  binder  composition  was  5Ni+3Al,  the  product  consisted  of 
TiC,  NiAl,  and  N13AI.  This  can  be  explained  by  noting  that  Ni5Al3  decomposes  on 
heating  at  approximately  973  K  (700°C)  into  NiAl  and  N^Al.  As  the  compact  cools  the 
kinetics  of  the  peritectoid  reaction  between  solids  NiAl  and  N^Al  to  form  Ni5Al3  are  slow 
enough  that  the  phases  present  in  the  higher  temperature  two  phase  field  are  quenched  in. 

It  is  also  apparent  from  Table  I  that  the  compositions  with  high  Al  content  (Ni+3A1  and  Al) 
result  in  complex  phase  relationships  including  the  formation  of  TLM3. 

3.3  Binder  Content 
3.3.1  Residual  Porosity 

The  effect  of  the  amount  of  binder  in  the  compact  on  the  residual  porosity  of  the  final 
product  was  studied  for  two  sets  of  samples  in  which  the  product  was  either  a  TiC-NiAl  or 
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TiC-NijAl  composite.  Figure  2  shows  the  results  of  this  work  for  a  set  of  experiments 
where  a  mechanical  pressure  of  20.7  MPa  (3000  psi)  was  applied  .  Here,  it  can  be  seen 
that  in  general  there  is  a  slight  decrease  in  the  level  of  porosity  as  the  amount  of  binder  in 
the  compact  increases.  This  is  likely  a  result  of  an  increase  in  the  quantity  of  liquid  phase 
present  during  the  reaction.  From  Figure  2  it  is  also  evident  that  at  low  binder  contents  the 
identity  of  the  binder  has  little  effect  on  the  residual  porosity  in  the  product  At  higher 
binder  contents  however,  the  compacts  which  contain  NiAl  as  the  binder  have  consistently 
lower  levels  of  porosity  than  those  which  contain  Ni3Al.  This  is  likely  due  to  differences 
in  the  heat  of  formation  of  NiAl  (-71650  J  mol'*)  and  N^Al  (-37550  J  mol‘1).  The 
compacts  which  contain  NiAl  will  have  higher  combustion  temperatures  which  promotes 
the  formation  of  liquid  and  thus,  favors  densification. 

3.3.2  Microstructure 

Figure  3  contains  an  optical  photomicrograph  of  the  product  of  combustion  of 
50wt%(Ti+C)  and  50wt%(Ni+Al).  This  sample  had  a  mechanical  pressure  of  20.7  MPa 
(3000  psi)  applied  immediately  following  combustion  resulting  in  a  residual  porosity  of 
0.3%.  The  spherical  TiC  grains  (55  vol%)  in  this  sample  were  found  to  average  1.2pm 
and  the  microhardness  was  measured  to  be  930  kg/mm^.  It  is  interesting  to  note  that  the 
TiC  grains  in  this  sample  appear  as  if  they  were  precipitated  from  a  melt.  Figure  4  contains 
an  optical  photomicrograph  of  the  product  of  combustion  of  50wt%(Ti+C)  and 
50wt%(3Ni+Al).  This  sample  was  combusted  under  the  same  conditions  as  the  one  shown 
in  Figure  3.  Here,  the  product  was  found  to  have  a  residual  porosity  of  3.0%,  an  average 
grain  size  of  1 . 1  pm,  and  microhardness  of  1 1 1 1  kg/mm^.  Figure  5  contains  an  optical 
photomicrograph  of  the  product  of  combustion  of  75wt%(Ti+C)  and  25wt%(Ni+Al). 

Again  the  combustion  was  under  the  same  conditions  as  the  previous  two  samples  resulting 
in  a  residual  porosity  of  5.7%.  The  average  grain  size  of  the  TiC  was  found  to  be  5.9pm 
and  the  microhardness  was  measured  to  be  1916  kg/mm 2.  It  is  interesting  to  note  that  the 
TiC  grains  in  Figure  5  are  much  larger  than  those  seen  in  Figure  3.  This  is  due  to  the  fact 
that  as  the  TiC  content  is  increased  the  combustion  temperature  increases  and  thus,  grain 
growth  is  enhanced. 
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In  order  to  gain  some  insight  into  the  mechanism  of  formation  of  these  composites  a 
sample  identical  to  that  shown  in  Figure  5  was  combusted  in  which  graphite  fibers  were 
substituted  for  the  carbon  black.  The  reagent  mixture  was  difficult  to  mix  and  the  sample 
was  harder  to  ignite  than  with  the  carbon  black.  When  examining  the  microstructure, 
however,  no  evidence  was  found  that  the  fibers  had  ever  existed.  The  grain  size,  porosity, 
and  microhardness  were  virtually  identical  in  the  two  samples.  These  result  indicate  that 
during  the  reaction  the  carbon  is  dissolved  into  a  melt  and  then  the  TIC  precipitates  out,  but 
further  research  is  needed  in  this  area. 

3.4  Applied  Pressure 

Figure  6  shows  the  effect  of  the  amount  of  applied  pressure  on  the  level  of  porosity  in 
the  product  for  samples  which  contain  50wt%  of  either  NiAI  or  NijAl  as  the  binder.  Here, 
it  can  be  seen  that  the  application  of  pressures  as  low  as  6.9  MPa  (1000  psi)  has  dramatic 
effects  on  the  level  of  porosity.  This  graph  also  shows  that  as  expected  an  increase  in  the 
amount  of  applied  pressure  results  in  a  decrease  in  the  residual  porosity  for  both  binders. 

4.  Summary 

By  using  a  simple  hot  pressing  apparatus  certain  refractory  materials  may  be 
synthesized  and  densified  in  a  one  step  combustion  process.  Specifically  composite 
materials  consisting  of  TiC-Ni,  TiC-NiAl,  and  TiC-N^Al  can  be  produced  at  near 
theoretical  density  using  a  combustion  synthesis  process  under  relatively  low  mechanical 
pressures.  It  was  also  shown  that  very  fine  grained  materials  can  be  produced  in  this  way 
and  that  the  grain  size  can  be  controlled  by  changes  in  the  amount  of  the  binder.  By 
adjusting  the  synthesis  conditions  it  is  possible  to  tailor  the  properties  of  the  product  and 
further  to  develop  a  viable  materials  production  process. 
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Table  I.  X-ray  Diffraction  Results  for  Reactions  of  the  form 
50wt%(Ti  +  C)  +  50wt%(xNi  +  yAl). 


Binder 

TiC 

Ni 

Ni3Al 

Ni5Al3 

NiAl 

Ni2Al3 

NiAl3 

A1 

TiAl3 

Ni 

M 

M 

- 

- 

- 

- 

- 

- 

- 

3Ni+Al 

M 

- 

S 

- 

- 

- 

- 

- 

- 

5Ni+3Al 

M 

- 

s 

- 

S 

- 

- 

- 

- 

Ni+Al 

M 

- 

- 

- 

S 

- 

- 

- 

- 

2Ni+3Al 

S 

- 

- 

- 

- 

M 

- 

- 

- 

Ni+3A1 

S 

- 

- 

- 

- 

M 

m 

- 

m 

A1 

m 

. 

_ 

_ 

_ 

_ 

m 

M 

M  -  Major  Phase 
S  -  Secondary  Phase 
m  -  Minor  Phase 
t  -  Trace  Phase 


7 


Figure  Captions: 


Figure  1.  Temperature  Profile  Measured  for  the  Combustion  of  50  wt%(Ti+C)  + 
50wt%(Ni+Al). 

Figure  2.  Residual  Porosity  of  Samples  Containing  Varying  Amounts  of  (Ni+Al)  or 
(3Ni+Al)  as  the  Binder  Combusted  Under  20.7  MPa  (3000  psi). 

Figure  3.  Optical  Photomicrographs  of  the  Product  of  Combustion  of  50wt%(Ti+C)  + 
50wt%(Ni+Al)  Under  20.7  MPa  (3000  psi). 

Figure  4.  Optical  Photomicrographs  of  the  Product  of  Combustion  of  50wt%(Ti+C)  + 
50wt%(3Ni+Al)  Under  20.7  MPa  (3000  psi). 

Figure  5.  Optical  Photomicrograph  of  the  Product  of  Combustion  of  75wt%(Ti+C)  + 

25wt%(Ni+Al)  Under  20.7  MPa  (3000  psi). 

Figure  6.  Residual  Porosity  for  Samples  Containing  Both  (Ni+Al)  and  (3Ni+Al)  as 
the  Binder  Combusted  Under  Various  Pressures. 
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Combustion  Synthesis  Dynamics  Modeling 

T.  KOTTKE,  L.  J.  KECSKES  and  A.  NIILER 

Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD  21005 

Abstract  -  The  limitations  imposed  on  combustion  synthesis  dynamics  by  green  compact  ther¬ 
mal  conductivity  have  been  modeled  for  the  Titanium-Graphite  system.  Powder  compact 
thermal  conductivities,  required  for  dynamics  modeling,  were  measured  as  functions  of  density 
and  temperature.  Combustion  synthesis  reaction  initiation  and  propagation  are  both  predicted 
to  be  dependent  on  the  green  compact  thermal  conductivity.  Additional  effects  of  sample 
containment  vessels  on  post  reaction  sample  temperatures  are  also  investigated. 

I.  Introduction 

During  the  past  several  decades,  self-propagating  high-temperature  synthesis  (SHS)  has 
evolved  from  a  basic  research  curiousity  to  a  technique  being  applied  to  the  production  of  a 
wide  var  ety  of  ceramic,  metallic  and  composite  materials.1  Recent  research  has  been  directed 
toward  producing  low  porosity  monolithic  products  in  addition  to  powdered  materials.  Fab¬ 
rication  of  low  porosity  SHS  products  often  involves  the  application  of  external  pressure  to 
freshly  synthesized  material  which  is  still  above  the  ductile-brittle  transition  temperature.  For 
this  technique  to  work  in  a  batch  production  scheme,2'3  the  entire  synthesized  sample  must  be 
plastic  at  the  time  of  the  compaction  event.  This  condition  is  obtained  through  rapid  propaga¬ 
tion  velocities  and  highly  exothermic  reactions  which  result  in  high  post  reaction  temperatures 
throughout  the  sample.  For  a  continuous  process  scheme,4  where  feedback  and  control  must 
be  established  between  the  reacting  sample  and  the  compacting  apparatus,  reduced  velocities 
may  be  more  desirable  but  high  temperatures  are  still  necessary. 

SHS  propagation  velocities  can  be  controlled  by  a  number  of  methods.  The  addition  of  a 
diluent,  usually  in  the  form  of  the  powdered  product,  has  been  used  to  decrease  propagation 
velocities  through  a  reduction  in  the  heat  energy  liberated  per  unit  mass  of  precursor  pow¬ 
der.  This  technique  leads  to  reduced  post  synthesis  sample  temperatures  which  can  make  the 
compaction  more  difficult.  Propagation  velocities  have  also  been  varied  through  control  of  the 
size  of  the  precursor  powder  particles  with  the  larger  particle  sizes  yielding  lower  velocities. 
In  some  systems,  particle  size  variations  have  been  shown  to  lead  to  potentially  undesirable 
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variations  in  the  combustion  mode,  final  product  stoichiometry  and  grain  size  as  well  as  in¬ 
complete  synthesis.5  The  aim  of  this  study  was  to  investigate  the  limitations  on  SHS  reaction 
initiation  and  propagation  due  to  green  compact  thermal  conductivity  (TC)  and  the  extent  to 
which  these  limitations  can  be  regulated  by  variations  in  green  compact  density.  This  task  was 
performed  in  two  steps.  First  the  variation  in  green  compact  TC  with  compaction  density  was 
measured  for  the  titanium-graphite  powder  system.  Using  this  information,  the  SHS  process 
was  then  modeled  to  predict  the  effect  of  green  compact  density  and  TC  on  the  initiation  and 
propagation  of  the  SHS  reaction.  Extension  of  this  modeling  allowed  the  dependence  of  post 
synthesis  temperature-time  profiles  on  containment  vessel  TC  to  be  investigated.  By  tailoring 
both  the  reacting  sample  and  containment  vessel  to  the  requirements  of  individual  compaction 
schemes,  it  is  hoped  that  SHS  processing  may  yield  economical,  low  porosity  ceramic  materials. 

II.  Green  Compact  Thermal  Conductivity  Measurements 

Samples  were  prepared  by  mixing  stoichiometric  mixtures  of  -325  mesh  titanium*  and  oxida¬ 
tion  resistant  graphite*  powders  in  a  ball  mill  and  compacting  in  a  1.27  cm  diameter  opposed 
anvil  cylindrical  die.  The  range  of  attainable  green  compact  densities  was  limited  on  the  low 
end  by  failure  of  the  compacts  to  maintain  structural  integrity  and  on  the  high  end  by  failure  of 
the  die.  Cubic  samples  of  approximately  one  centimeter  on  a  side  were  cut  from  these  cylinders 
with  _are  being  taken  to  orient  one  orthogonal  axis  normal  to  the  anvil  compaction  surfaces. 
The  known  orientation  of  the  samples  with  respect  to  the  powder  compaction  direction  allowed 
the  anisotropy  of  the  TC  to  be  investigated. 

The  thermal  conductivities  of  the  green  compacts  were  measured  using  a  thermal  wave 
propagation  delay  method.6  One  end  of  a  sample  at  ambient  temperature  was  brought  into 
thermal  contact  with  a  heat  reservoir  of  known,  elevated  temperature  while  the  temperature  of 
the  other  end  of  the  sample  was  recorded  as  a  function  of  time.  The  TC  of  the  compact  was 
then  determined  by  fitting  the  time-temperature  response  of  the  sample  to  the  corresponding 
theoretical  time-temperature  profile7  using  the  sample's  mass  density,  specific  heat  and  linear 
dimensions  .  All  temperatures  were  measured  using  thermocouples.  Flat  contact  surfaces, 
thermally  conducting  grease  and  constant  contact  pressures  ensured  good  thermal  contact 
between  the  thermocouples,  the  sample  and  the  heat  reservoir.  The  accuracy  for  this  TC 

•Atlantic  Equipment  Engineer*,  Bergenfield,  NJ  (ttated  purity:  99  7%). 

fConsolidated  Astronautics,  Smithtown,  NY  (stated  purity:  99%). 
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measurement  system  was  determined  to  be  ±10%. 

Thermal  conductivities  of  mixed  titanium  and  graphite  powder  compacts,  ranging  in  density 
from  58%  to  81%  of  theoretical  density,  were  measured  in  the  directions  parallel  and  perpen¬ 
dicular  to  the  uniaxial  compaction  direction.  Thermal  conductivities  of  porous  materials  often 
exhibit  a  power  series  relation  to  the  mass  density.6  These  TC  data  are  also  well  fit  by  power 
series  relations  with  the  perpendicular  data  being  fit  by  the  expression: 


M/>)  =  9.12rj4,48; 

and  the  parallel  data  being  fit  by  the  expression: 

(W/m  -  K) 

(1) 

*„(p)  =  3 .43r73-75; 

( W/m  -  K) 

(2) 

where  rj  is  the  powder  compact  mass  density  expressed  as  a  fraction  of  the  theoretical  maximum 
density  (3750  kg/m3).  The  data  and  power  series  fits  are  plotted  in  Figure  1. 

A  pronounced  anisotropy  in  the  TC  was  observed  between  the  directions  parallel  and  per¬ 
pendicular  to  the  compaction  direction.  This  anisotropy  is  predominantly  due  to  the  graphite 
component  of  this  powder  system.  Under  uniaxial  pressure,  graphite  particles  are  preferen¬ 
tially  oriented  with  their  basal  planes  normal  to  the  pressure  axis.9  The  high  TC  along  the 
planes  of  the  graphite  particles  enhances  the  TC  of  the  bulk  powder  mixture  in  the  direction 
perpendicular  to  the  compaction  direction. 

Powder  compact  thermal  conductivities  were  also  measured  at  elevated  temperatures.  These 
TC  values  remained  essentially  constant  from  room  temperature  up  to  500  C.  Over  this  same 
temperature  range  the  TC  of  graphite  changes  significantly10  suggesting  that  the  bulk  TC  of 
these  compacts  is  controlled  by  the  high  thermal  resistance  between  contacting  particles  rather 
than  the  TC  of  the  individual  particle  material. 

III.  Thermal  Conductivity  Effect  Modeling 

A  numerical  analysis  computer  model  was  developed  to  predict  the  limitations  imposed  on 
the  SHS  initiation  and  propagation  process  by  the  green  compact  thermal  conductivity.  The 
sample  was  represented  as  a  matrix  of  cubic  volume  elements  sized  on  the  scale  of  individual 
powder  particles  which  for  the  -325  mesh  powders  is  approximately  44  microns.  The  time  scale 
of  the  calculations  was  subdivided  into  25  microsecond  intervals  which  were  small  enough  to 
allow  for  an  accurate  approximation  to  a  continuous  time  evolution.  Heat  flow  through  the 
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sample  was  simulated  by  calculating  the  thermal  interactions  between  all  pairs  of  interacting 
volume  cells  during  each  interval  of  time.  As  a  given  volume  element's  temperature  exceeded 
an  assumed  reaction  ignition  temperature  of  1670  C  (the  melting  point  of  Ti)  for  TiC,  the 
release  of  the  heat  of  reaction  was  simulated  by  increasing  the  volume  cell  temperature  to  a 
post  synthesis  value.  For  reaction  initiation  studies,  the  temperatures  of  the  volume  elements 
representing  the  igniting  filament  were  increased  with  time  at  a  rate  which  depended  on  the 
filament  power  density.  This  simulation  model  was  verified  against  convenient  test  cases  which 
were  amenable  to  analytical  solution. 

Taking  advantage  of  the  symmetry  of  the  linear  filament  geometry,  the  effects  of  green 
compact  TC  and  filament  power  on  the  SHS  reaction  initiation  process  were  modeled  using  a 
two  dimensional  array  of  volume  cells.  The  size  of  this  array  was  chosen  to  be  large  enough 
to  avoid  edge  effects.  A  tungsten  filament  was  assumed  to  be  at  the  central  position  of  the 
array  supplying  heat  energy  to  the  surrounding  cells  at  a  rate  which  depended  on  the  filament 
power  density.  By  turning  off  the  filament  after  varying  heating  times  and  determining  whether 
or  not  the  SHS  reaction  continued  to  propagate,  the  minimum  time  for  initiation  of  the  self 
propagating  reaction  was  determined.  The  temperatures  of  the  volume  cells  representing  the 
tungsten  filament  were  also  monitored  for  an  increase  above  the  tungsten  melting  point  which 
would  indicate  filament  failure. 

Figure  2  shows  the  results  of  the  SHS  reaction  initiation  simulation  for  the  titanium  and 
graphite  system  with  open  symbols  representing  conditions  leading  to  filament  failure.  The 
computed  times  required  to  initiate  a  self-sustaining  reaction  are  plotted  versus  filament  power 
density  for  a  family  of  powder  compact  thermal  conductivities.  Both  the  power  required  to 
ignite  a  compact  in  a  given  period  of  time  and  the  time  to  ignition  at  a  given  power  level 
increase  with  the  TC  of  the  compact.  Due  to  localization  of  the  filament  heat  energy,  filament 
melting  and  failure  is  seen  to  be  more  likely  for  the  lower  TC  powder  compacts. 

SHS  propagation  velocities  were  modeled  using  an  array  of  volume  elements  initially  at  room 
temperature.  Heat  energy  was  added  to  one  row  of  cells  to  simulate  a  heating  filament.  This 
filament  heated  surrounding  volume  elements  which  eventually  reached  the  assumed  SHS  igni¬ 
tion  temperature  triggering  the  temperature  increase  associated  with  the  exothermic  synthesis 
reaction.  The  additional  heat  energy  from  the  reacted  cells  heated  and  ignited  additional  cells 
and  this  process  worked  its  way  through  the  entire  array.  Following  the  initial  transient  ignition 
process,  the  self-propagating  reaction  reached  a  steady  state  velocity  which  was  taken  as  the 
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propagation  velocity  of  the  SHS  reaction.  Figure  3  shows  the  predicted  propagation  velocity  as 
a  function  of  powder  compact  density  for  this  titanium  and  graphite  system.  This  calculation 
assumes  that  the  propagation  velocity  is  controlled  by  heat  transport  and  does  not  take  into 
account  any  possible  limitations  that  would  be  imposed  by  mass  transport  phenomena  during 
the  synthesis  reaction.  In  addition,  heat  loss  from  the  reacting  sample  to  the  surrounding 
environment,  which  has  been  shown  to  modify  observed  propagation  velocities,11  has  not  been 
considered. 

Using  nonadiabatic  sample  boundary  conditions,  the  effect  of  containment  vessel  thermal 
conductivity  on  post  synthesis  sample  temperatures  has  also  been  studied.  Knowledge  of  post 
reaction  temperatures  and  the  length  of  time  that  a  sample  remains  above  the  ductile-brittle 
transition  temperature  can  be  critical  to  the  proper  timing  of  compaction  events.  Figure 
4  shows  the  predicted  temperature  contours  for  two  samples  5  seconds  after  synthesis  to  a 
temperature  of  2500  C.  The  enclosure  for  sample  A  was  modeled  with  a  TC  corresponding 
to  steel  while  the  enclosure  for  sample  B  had  a  TC  corresponding  to  gypsum  wallboard.  The 
1500  C  isotherm,  representing  an  assumed  ductile-brittle  transition  temperature,  has  been 
highlighted  for  emphasis.  The  sample  in  the  steel  container  is  seen  to  cool  much  more  rapidly 
with  significant  regions  of  the  outer  portion  of  the  sample  below  the  transition  temperature.  A 
sample  compacted  under  these  conditions  would  be  expected  to  yield  low  porosity  material  only 
at  the  central  region  with  the  edges  being  severely  cracked.  However  the  entire  sample  in  the 
wallboard  enclosure  is  predicted  to  remain  well  above  the  ductile-brittle  transition  temperature 
yielding  a  greater  amount  of  low  porosity  final  product  following  the  compaction  event. 

Although  the  results  of  this  study  are  directly  applicable  only  to  equivalent  titanium  and 
graphite  systems,  many  of  the  characteristics  and  observations  may  be  generally  applicable. 
Instead  of  adding  a  diluent  to  SHS  powder  compacts  as  a  means  of  reducing  propagation 
velocities,  the  reduced  thermal  conductivity  of  low  density  powder  compacts  may  serve  the 
same  purpose  while  maintaining  the  high  sample  temperatures  required  for  post  synthesis 
densification.  For  reaction  apparatus  where  the  energy  for  ignition  is  limited  or  fixed,  the  mass 
density  of  the  sample's  ignition  region  may  be  tailored  to  the  available  ignition  energy  source 
to  ensure  synthesis  initiation.  Powder  systems  with  anisotropic  thermal  conductivities,  such 
as  uniaxially  compacted  powders  containing  graphite,  offer  additional  control  over  the  relevant 
green  compact  thermal  conductivity.  Proper  choice  of  orientation  between  powder  compaction 
direction,  ignition  geometry  and  synthesis  propagation  direction  may  yield  more  desirable  SHS 
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ignition  and  reaction  dynamics.  All  compaction  schemes  which  require  elevated  post  reaction 
temperatures  can  benefit  from  containment  vessels  fabricated  from  low  specific  heat  and  TC 
materials. 

IV.  Conclusions 

Thermal  conductivities  of  mixed  titanium  and  graphite  powder  compacts  have  been  mea¬ 
sured  as  a  function  of  compact  mass  density  from  58%  to  81%  of  theoretical  density.  An 
anisotropy  in  the  thermal  conductivity  was  observed  between  the  directions  parallel  and  per¬ 
pendicular  to  the  uniaxial  powder  compaction  direction  with  conductivities  in  the  perpendicular 
direction  being  approximately  twice  those  in  the  parallel  direction.  This  anisotropy  is  due  to  the 
orientation  of  graphite  particles  under  uniaxial  pressure.  Over  this  range  of  powder  compact 
densities,  thermal  conductivities  increase  with  mass  density  by  a  factor  of  four.  The  limitations 
imposed  by  the  green  compact  TC  on  SHS  reaction  initiation  time  and  propagation  velocity  have 
been  modeled  for  this  titanium  and  graphite  system.  Initiation  modeling  predicts  that  the  time 
required  to  start  an  SHS  reaction  using  a  resistively  heated  filament  of  a  given  power  density  is 
strongly  dependent  on  the  thermal  conductivity  of  the  powder  compact.  Low  filament  power 
levels  can  lead  to  unacceptably  long  ignition  times  due  to  excessive  heat  loss  from  the  portion 
of  the  compact  surrounding  the  filament  to  the  remainder  of  the  green  compact.  Conversely, 
overly  high  power  levels  will  cause  the  filament  to  melt  before  the  SHS  reaction  is  initiated. 
Propagation  modeling  predicts  that,  over  the  range  of  easily  obtained  densities,  propagation 
velocities  in  this  system  can  increase  monotonically  with  green  compact  density  provided  that 
additional  limitations  are  not  imposed  by  mass  transport  requirements  and  excessive  heat  loss 
from  the  sample.  Post  synthesis  modeling  of  reacted  samples  surrounded  by  environments  of 
different  thermal  conductivities  reveals  the  importance  of  fabricating  containment  vessels  from 
low  conductivity  materials. 
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FIGURE  CAPTIONS 

Fig.  1.  Thermal  conductivity  of  titanium  and  graphite  powder  compacts  in  the  directions 
parallel  and  perpendicular  to  the  direction  of  compaction  as  a  function  of  mass  density. 

Fig.  2.  Predicted  TiC  SHS  reaction  initiation  time  versus  filament  power  density.  Open 
symbols  represent  conditions  leading  to  filament  failure. 

Fig.  3.  Predicted  dependence  of  SHS  propagation  velocity  on  powder  compact  density  for  a 
titanium  and  graphite  system. 

Fig.  4.  Predicted  temperature  contours  5  seconds  after  SHS  synthesis  for  samples  in  a  steel 
(A)  and  a  gypsum  wallboard  (B)  containment  vessel. 
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ELEMENTARY  PROCESSES  IN  Si02-AI  THERMITE-TYPE 
REACTION  ACTIVATED  OR  INDUCED  BY  MECHANOCHEMICAL 

TREATMENT 


Abstract 

Experimentally  observed  phenomena  during  grinding  of  the  reactant  mixture  are  presented 
Mechanochemical  activation  -  as  pretreatment  of  the  reactant  mixture  -  strongly  influences  the  kinetic 
parameters,  the  reaction  mechanism  and  the  composition  and  structure  of  the  end-product  Intensive 
grinding  of  the  reactant  mixture  induces  processes  consisting  mainly  of  penetration  of  aluminum  into  the 
silica  partifle  surfaces,  leading  both  to  'destoichiometrisation'  of  the  surface  and  to  formation  of  Al-O-Si 
bonds.  Consequently,  as  was  established,  the  process  follows  a  new  mechanism  in  its  highly  exothermic 
sequence,  the  'mechanolytic'  mechanism 

The  two  mechanisms:  'chain*  and  'mechanolytic',  coexist  in  the  general  balance  Extension  of  the 
mechanochemical  treatment  reduces  the  share  of  the  'chain'  mechanism,  involving  the  intermediate 
product  as  a  gaseous  phase,  in  favor  of  its  'mechanolytic'  counterpart 

Mechanochemical  treatment  activates  the  process  up  to  onset  of  the  highly  exothermic  sequence  in 
the  grinding  vessel.  Two  phenomena  result:  a  highly  exothermic  reaction  initiated  during  grinding  and 
termed  'mechanothermitic',  a  pyrophoric  ignition  by  opening  the  vessel  and  forming  a  bridge  between 
the  mechanochemical  reactions  during  grinding  and  the  highly  exothermic  sequence  -  'thermitophoric' 


reaction 


ELEMENTARY  PROCESSES  IN  Si02-AI  THERMITE-TYPE  REACTION 


ACTIVATED  OR  INDUCED  BY  MECHANOCHEMICAL  TREATMENT 

by 

G.T.  Hid  a*  and  I.J.  Lin** 


INTRODUCTION 

Investigations  of  the  aluminothermic  reduction  of  silicon  dioxide  |1-7],  followed  by  a  close  observation 
of  the  aluminum-silica  interface  [8-11],  led  to  the  understanding  of  the  mechanism  of  silica-thermite 
reaction  [12J  and,  based  on  this,  to  the  reformulation  of  the  elementary  processes  in  highly  exothermic 
metallothermic  reductions:  oxides-suboxides  [13,14], 

The  present  work  is  devoted  to  studying  the  dependence  of  the  combustion  rate  on  the  duration  of 
intensive  grinding  of  powdered  mixtures  and  to  the  changes  occurring  in  the  mechanism  of  the  highly 
exothermic  sequence  of  the  entire  process  On  the  basis  of  the  results  obtained,  a  mechanochemically 
activated  or  induced  thermite-type  reaction  mechanism  is  advanced  with  respect  to  the  formation  of 
aluminum  monosilicates  and  subsilicates  This  phenomenon  is  assumed  to  be  due  to  the  formation  of 
Si-O-AI  bonds  found  on  the  surface  of  the  ground  mixture 
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EXPERIMENTAL 

The  purpose  of  the  experimental  work  was  to  obtain  data  on  the  silica-aluminum  reaction  parameters 
and  structural  information  on  the  reaction  intermediary  and  final  products.  The  ignition  method  and  the 
observation  of  the  combustion  front  parameters  are  analogous  to  those  described  in  (13].  The  entire  lab 
work  consisted  of  two  main  operations:  intensive  grinding  and  ignition. 

The  experiments  were  made  on  cylindrically-compacted  samples  ground  as  a  mixture  of  a  200  /  240 
mesh  of  silica  quartz-sand  and  aluminum  powdered  material,  in  the  stoichiometric  ratio,  according  to 
equation  (1): 

3Si02+  4AI  -  3Si  +  2Ai20a  (1) 

The  weighed  reactants  were  lightly  mixed  in  petroleum  ether  and  then  subjected  to  intensive  grinding  in  a 
high  speed  planetary  ball  mill  equipped  with  a  water-cooling  system  (See  Table  1)  Ground  samples  were 
compacted  into  pellets  by  unidirectional  pressing  and  ignited  in  the  ignition  assembly  described  in  [13]. 

Results  are  shown  in  Figure  1 .  Characterization  of  the  mixtures  after  different  grinding  durations,  as 
reacted  samples,  was  done  by  X-ray  diffraction  -  XRD  (see  Figure  2).  The  product  structure  was  analyzed 
by  means  of  a  Scanning  Electron  Microscope  -  SEM,  equipped  with  an  Energy  Dispersive  Spectrometer 
EDS  The  spectrometer  data  were  compiled  via  T.N.  Flextran  7-U  computer  program  tor  qualitative 
element  identification  -  QEl  technique,  and  for  Standardless  Semi-Quantitative  Analysis  -  SSQ.  Patterns 
obtained  are  presented  in  Figure  3 
RESULTS 

It  was  found  that  silicon  dioxide  reacts  with  aluminum  under  combustion  conditions  to  form  alumina  and 
elemental  silicon.  Some  silica,  near  small  AlaSiOs  reflections,  can  be  seen  on  XRD  patterns  of  the  product 
(Figure  2)  suggesting  formation  of  an  intermediate  product 

Intensive  Grinding 

The  process  parameters  underwent  significant  modifications  due  to  the  intensive  grinding  In  the  lightly 
mixed  sample,  ignition  occurred  at  6009C,  while  in  the  ground  samples  the  ignition  temperature  was 
drastically  lowered  (see  Figure  1)  This  means  thal  the  intensive  grinding  caused  the  mixture  to  deviate 
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from  Tammany-Hedwall  rules  [15],  i.e.  the  process  is  no  longer  a  reaction  between  solid  crystallites  at  the 
intimate  contact  points  Some  chemical  processes  occurred  during  grinding,  transforming  the  interface 
region  to  an  entire  zone  of  a  complex  phase  which  triggered  combustion. 

Intensive  grinding  induced  'penetration'  of  aluminum  atoms  deep  into  the  silica  particle  surface,  leading 
to  'destoichiometrisation'  of  Si02  and  to  the  formation  of  Al-O-Si  bonds,  resulting  in  AteSiOs  as  a  by¬ 
product  even  before  the  combustion  process  (see  Figure  4). 

Combustion  Stage 

Thermite  reaction  occurs  at  the  silica  particle  surface  (Figure  5)  for  lightly  mixed  samples.  The  calculated 
‘reaction  depth'  (Table  2),  is  a  consequence  of  oxygen  transport  by  an  intermediary  product  from  the 
attacked  surface  to  the  adjoining,  still  unreacted  aluminum  unit.  No  aluminum  diffusion  occurs  within  the 
product  layer  but,  on  the  contrary,  the  oxygen-bonded  silicon  induces  a  new  aluminum  unit  to  react  In 
the  product  zone  the  two  main  products,  silicon  and  alumina,  are  in  a  wide  range  of  concentrations  (see 
Figure  5). 

Intensive  grinding  led  to  the  appearance  of  large  agglomerates  containing  alumina,  silicon  and  aluminum 
monosilicates  (Figure  6)  As  the  reaction  depth  increased  over  four  microns,  the  amount  of  unreacted 
silica  decreased  significantly  as  the  amount  of  agglomerates  increased. 

Induced  Reactions 

Intensive  grinding  extended  beyond  three  hours  led  to  the  initiation  of  the  reaction  within  the  grinding 
vessel  On  opening  the  lid  between  three  and  four  hours  of  grinding,  contact  with  outside  air  caused 
pyrophoric  excitation  of  the  thermite  reaction  -  presumably  by  partial  oxidation  of  the  aluminum  powder 
The  heat  released  triggered  the  thermite  reaction.  No  such  pyrophoric  excitation  was  observed  in  Al- 
AI2O3  mixtures  after  the  same  time  of  intensive  grinding 

For  an  intensive  grinding  time  of  more  than  four  hours,  the  reaction  started  during  grinding.  The 
temperatures  reached  during  the  reaction  combined  with  the  specific  conditions,  favored  an  interesting 
microstructure  -  sphericity  of  the  alumina  particles,  implying  the  possible  existence  of  a  molten  phase 
(Figure  7). 
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DISCUSSION 


As  was  expected,  intensive  grinding  of  the  powdered  mixture  of  reactants  plays  an  important  role  in  the 
initiation  of  aluminothermic  reduction  of  silica. 

I.  The  shift  of  the  DTA  exothermic  peaks  to  lower  temperatures,  as  a  function  of  grinding  duration, 
implies  reduction  of  the  ignition  energy  needed  for  the  reaction  to  start.  In  other  words,  the  intensive 
grinding  activation  -  a  mechanical  one  -  through  the  accumulation  of  specific  surface  tree-energy  and 
stored  elastic  strain-energy,  makes  the  system  metastable,  readily  available  to  a  process  of  energy 
relaxation,  such  as  the  ignition  of  the  metallothermic  reduction  in  our  case.  The  fact  that  the  mechanical 
activation  has  a  considerable  influence  on  thermite-type  reactions  shows  that  they  should  be 
characterized  in  the  category  of  surface-chemistry  phenomena. 

II.  It  is  shown  (Figure  4)  that  considerable  quantities  of  alumina,  as  well  as  small  quantities  of  aluminum 
monosilicate  were  formed  under  intensive  grinding  prior  to  the  onset  of  the  thermite  process.  Blanks  of 
aluminum  powder  alone,  or  mixed  with  different  quantities  of  alumina,  ground  under  ambient 
environmental  conditions  -  (which  had  shown  no  difference  in  XRD  following  grinding)  now  showed,  after 
heat  treatment  in  an  inert  atmosphere,  alumina  reflections  in  the  pure  aluminum  samples,  and  an  increase 
in  the  alumina  content  in  mixed  aluminum-alumina  samples.  All  these  led  to  the  conclusion  that  during  the 
intensive  grinding  the  newly  exposed  surfaces  of  the  aluminum  adsorbed  considerable  quantities  of 
oxygen  and  moisture  from  the  immediate  environment.  The  newly-exposed  surfaces  have  a  strongly 
enhanced  sorption  capacity  compared  with  their  unground  counterparts  The  adsorbed  components  may 
create  chemical  or  pseudo-chemical  bonds  into  the  solid  surface.  The  stressed  aluminum  surfaces 
sorbed  oxygen  and  silicon  suboxides,  forming  AI-0  and  Al-O-Si  bonds  during  intensive  grinding,  thereby 
facilitating  formation  of  alumina,  and  aluminum  monosilicates.  This  is  a  chemical  change  through 
mechanical  treatment  -  a  mechanochemical  activation. 

Ill  Si02  particles  tend  to  be  coated  and  agglomerated  by  ductile  aluminum.  As  a  result  of  fracturing, 
interatomic  bonds  are  severed,  forming  active  interface  molecular  groups  with  open  ligands  which  upon 
recombination  change  the  initial  coordination  state  In  fact,  these  active  groups  are  instrumental  in  the 
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process  of  agglomeration,  crystallization,  mechanochemical  synthesis,  and  chemosorption  of 
environmental  gaseous  species. 

The  newly-exposed  surfaces  have  a  strongly  enhanced  sorption  capacity  compared  with  their  stable 
counterparts.  The  adsorbed  components,  such  as  oxygen  and  silicon  suboxides,  form  with  the  opened 
ligands  AI-0  and  Al-O-Si  bonds,  near  captured  SiOx  (x  =  1-1.5)  groups.  Due  to  the  treatment,  aluminum 
particles  penetrated  deep  into  the  silica  surface  and  generated  point  chemical  reactions  resulting  in  new 
chemical  bonds.  At  the  same  time,  the  entire  zone  acquired  surface-like  properties  reducing  considerably 
the  bulk  properties  share  of  the  material 

IV.  If  gas  is  added  after  intensive  grinding,  the  sorption  of  a  considerable  amount  of  gas  in  a  very  short 
period  of  time  might  lead  to  unexpected  phenomena.  In  our  case  the  'thermitophoric  reaction*  occurred 
when  the  vessel  was  opened  after  more  than  three  hours  of  grinding.  After  tha:  a  large  amount  of  oxygen 
was  sorbed  and  uncompensated  AI-0  bonds  were  formed,  leading  to  the  release  of  sufficient  energy  (a 
pyrophoric  action)  to  trigger  the  combustion  process. 

V.  The  aluminothermic  reaction  was  triggered  and  took  place  within  the  unopened  grinding  vessel  after 
more  than  four  hours  of  grinding.  This  was  a  true  mechanochemical  reaction  excited  when  particle  size  fell 
below  the  ‘Reaction  Triggering  Dimension  -  RTD*  (16),  the  excess  free-energy  of  the  particulate  system 
exceeding  the  activation  level  needed  tor  triggering  Formation  of  'magma-plasma*  pockets  at  the  points 
of  impact  and  friction  between  particles  have  nothing  to  do  with  the  mechanochemical  process.  At  most, 
they  can  enhance  the  rate  of  excitation  of  the  metallothermic  reaction  as  a  kinetic  effect,  but  only  if  the 
particulate  system  is  readily  available  in  the  proper  metastable  (activation)  state,  namely  -  having 
approached  the  needed  *RTD*. 

VI  So  far,  the  findings  of  the  mechanochemical  effect  upon  the  metallothermic  reductions  in  the 
present  study  bring  toward  the  reaction  mechanisms  that  we  believe  can  explain  our  experimental  results 
as  well  as  the  results  found  by  other  investigators 
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A.  ‘Jump-Chain*  Mechanism 

Assume  a  stoichiometric  mixture  of  silica  and  aluminum  powders  (without  any  former  mechanochemical 
treatment).  On  heating,  two  main  transformations  occur: 

1.  Polymorphic  transformation  of  p  quartz  into  a-quartz  -  the  plateau  observed  in  the  DTA  diagram 
(Figure  1)  -  a  very  weak  endothermic  effect  (partially  compensated  by  formation  of  chemical  bonds 
among  the  aluminum  and  oxygen  adsorbed  -  an  exothermic  process): 

848  »*< 

P-S02  ->  a-Si02  0 

2.  The  oxygen  adsorbed  by  aluminum  forms  chemical  bonds.  Around  the  above  temperature,  the 
thermite  reaction  sets  in  and  creates  a  reaction  zone  in  which  the  following  set  of  thermochemical 
reactions  commence: 

a.  Reduction  of  silicon  dioxide  to  silicon  monoxide: 

3SK)2(s)  +  2  Al(s)  -»  3  SiO(am)  +  Al203(s)  (3) 

which  takes  place  at  the  interface  of  intimate  contact  between  reactant  particles 

b.  Sublimation  of  silicon  monoxide  due  to  the  temperature  of  the  immediate  environment. 

SiO(am)  -*  SiO(g)  (4) 

The  amorphous  silicon  monoxide  is  thermodynamically  unstable,  particularly  vis-a-vis  the  ambient 
temperature;  however,  its  sublimation  temperature  (2300-25005K)  and  heat  consumed  lead  to  the 
conclusion  that  some  of  its  remains  in  the  amorphous  state  at  this  stage.  It  is  worth  mentioning  that  SiO 
could  not  appear  directly  in  a  gaseous  phase,  the  corresponding  calculated  adiabatic  temperature 
being  over  5500°K  -  an  impossibility 

c.  Sublimation  is  followed  by  another  reduction 

3SiO(g)  +  2  AJ(Q  -  3Si(|)  +  Al2C»3(s)  (5) 

Here,  the  SiO  acts  as  an  oxygen  carrier,  'reactive  transport,"  through  the  pores  to  aluminum  particles 
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However,  the  probability  of  a  SiO  molecule  landing  on  an  aluminum  surface  is  1/3,  while  that  of  its 
larding  on  an  inert  surface  (alumina  or  unreacted-yet  silica)  is  2/3.  These  surfaces  catalyze  the  redox 
disproportion  of  SiO,  leading  to  by-products 
d.  Side  reactions  -  disproportion  of  SiO: 

2SiO(g)  Si{s)  +  SKfcfs)  (6) 

Reaction  (6)  has  moderate  endothermic  characteristics.  Its  products  will  form  compounds  or  solid- 
solutions  with  the  medium. 

2SiO(g)  +  AI203(s)  ->  Si-SK>2-Al203(ss)  (7) 

or  2SiO(g)  +  Si02(s)  -*  Si-2Si02(ss)  (8) 

e  Another  reduction  of  some  silicon  monoxide  remaining  in  the  amorphous  phase  may  also  occur: 

3SiO(am)  +  2  Al(i)  -  3Si(i)  +  Al203(s)  (9) 

f.  The  same  amorphous  silicon  monoxide  will  undergo  a  redox  disproportion  process  in  absence  of  an 
aluminum  unit  to  form  with  alumnina,  aluminum  monosilicates: 

2SiO(am)  +  Al203(s)  -»  Si-Ai2Si05(ss)  (10) 

B.  'Mechanotytic*  Mechanism 

As  a  consequence  of  intensive  grinding,  true  chemical  reactions  occur  during  penetration  ot  aluminum 
atoms  through  the  silica  surface  Based  on  these,  one  can  divide  the  entire  process  into  reactions  during 
grinding,  and  reactions  during  combustion 

-  The  mechanochemical  sequence  consists  of  a  'penetration-reaction'  mechanism  in  which: 

1  Si02  will  suffer  ’destoichiometrization',  the  aluminum  units  will  adsorb  the  freed  oxygen  atoms 

Si02  +  Al  yield  [Si0(0)x]  +  [Al(0)i-x],  x  <  1  (ii) 

2.  Aluminum  atoms  will  penetrate  into  the  silica  surface,  leading  to  formation  of  Si-O-AI  bonds 

Si02  +  AJ  yield  [Al-O-Si(O)x)  +  (SiO(O)i-x),  x  <  1  (12) 
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As  a  consequence  of  the  mechanochemical  ‘penetration-reaction’  process,  the  reactants  acquire  a 
high  activation  level  and  the  array  of  intimate  contact  points  is  replaced  by  a  complex  phase  region  which 
favors  the  onset  and  progress  of  combustion.  From  Figure  1  one  can  observe  that  the  preignition  and 
ignition  exothermic  peaks  draw  closer  to  each  other  until  they  coincide.  The  assumed  mechanism  for  this 
is: 

-  Combustion  sequence  -  reduction  of  the  ’destoichiometrized*  silicon  oxide  by  the  ‘oxygenated" 
aluminum: 

[Si0(0)x]  +  [Al(0)1-x]  yield  Si(0)x  +  AI203,  x  <1  (13) 

-  Formation  of  Si-Al2Si0s  Solid-Solution: 

[AI-0-Si(0)x]  +  [Si0(0)x]  yield  Si(0)x  +  AteSiOs,  x  <  1  (14) 

These  elementary  reactions  form  part  of  the  entire  chemical  process  and  their  importance  increases  as 
a  function  of  the  duration  of  intensive  grinding.  Besides  this,  the  mechanochemical  effect  induced  by 
grinding  will  expose  to  the  reaction  interface,  surface  molecular  groups  so  that  there  is  little  need  for  SiO 
gas.  but  the  condensed  phase  reaction  will  follow.  Thus,  the  amount  of  porosity  in  consolidated  pellets  of 
ground  powder  is  much  below  that  needed  for  only  mixed  powder  pellets  for  proper  aluminothermic 
reaction.  The  probability  of  intimate  contact  between  reactant  units  becomes  many  folds  higher  in  ground 
materials,  so  that  the  need  for  reactive  transport  of  oxygen  becomes  less  important.  The  products 
obtained  are  large  agglomerations  containing  real  solid-solutions  with  the  possible  formula: 

Ate03- AfeSi05 - Si(0)x.  x  <  1  (15) 

CONCLUSION 

The  Si02-AI  mechanochemically  activated  reaction  mechanism  proposed  is  the  Mechanolytic  model, 
comprising  the  mechanochemical  Penetration-Reaction  sequence  during  intensive  grinding,  and  the 
Mechanolyzed-Red,ucJjqn  during  combustion.  Of  course,  this  is  combined  with  the  Jump-Chain 
mechanism  activated  by  the  above  model.  The  main  features  of  the  process  are: 


-  9  - 


1.  The  process  occurs  in  condensed  phases 

2.  During  intensive  grinding  aluminum  penetrates  the  silica  network,  yielding  silicon  suboxides  and 

aluminum-oxygen-silicon  groups. 

3.  The  array  of  contact  points  between  aluminum  and  silica  is  replaced  by  an  entire  zone  comprised  of 
active  molecular  groups  -  in  a  high  degree  of  intimacy  -  with  open  ligands,  which  upon  ignition  -  at  a 
drastically  reduced  temperature  -  undergo  chemical  relaxation.  The  resulted  heat  ignites  the  thermite 
process. 

4.  Zones  comprised  of  active  molecular  groups  transform  in  large  agglomerations  having  the  proposed 
(15)  formula 

5.  The  Jump-Chain  and  Mechanolvtic  mechanisms  operate  concurrently. 

Extension  of  intensive  grinding  time  reduces  the  share  of  the  Jump-Chain  mechanism  in  the  general 
process  balance  in  favor  of  its  Mec  ha  no  lytic  counterpart. 
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Table  1 :  Ignition  temperature  as  function  of  intensive  grinding  duration;  for  loose  powder  -  DTA  and 
for  pellets  in  a  720CC  preheated  furnace. 


Intensive  Grindng 

Ignition  Temperature  fC) 

Mo. 

Sample  Code 

Duration  (Hours) 

Ignition  Assembly* 

DTA" 

1 

SAo 

0 

630670 

600 

2 

SAi 

1 

580-600 

520 

3 

SAs 

2 

535-550 

480 

4 

SA3 

3 

495-500 

450 

SA  =  Sica  &  Aluminum  *Pekt  "Loose  Powder 


Close  approximation  of  the  ignition  temperature  was  obtained  by  Differential  Thermal  Analysis  -  DTA 


Table  2:  ’Reaction  Depth" 


No. 

Code 

Intensive 

Giant  SiCB 

Reaction  Depth 

Grinding 

Particles, mm 

A\«rage(Mm) 

Al  /  Si 

Duration  (Hours) 

(product  layer 
included) 

Si 

Al 

Mean 

Value 

1 

SAo 

0 

35.0* 

1.5 

20 

1.75 

0.521 

2 

SAi 

1 

25.2* 

3.2 

3.4 

3.30 

0.874 

3 

SA2 

2 

17  1* 

4.1 

4.5 

4  30 

0983 

4 

SA3 

3 

14  5" 

4.4 

4.7 

4.55 

1.175 

*  Nine  particles  were  measured  and  the  extremes  were  eliminated. 


"  Only  five  particles  wer  1 0  microns  were  found 
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FIGURES 
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Figure  1 .  DTA  patterns  of  mechanochemically  activated  samples  and  of  blank  (loose  mixtures). 


Srlading  time,  k 


Figure  2.  Integrated  intensities  of  AI2O3,  Si,  AI2S1O5  S1O2  and  Al  major  reflections  from  XRD  patterns 
for  reacted  samples  in  S1O2-AI  system  S  refers  to  XRD  pattern  of  the  standard  mixture  of 
Si  and  AI2O3  made  according  to  equation  (1) 


HO- 


Particle  size,  pm 


Briitdfag  Tina,  h 


Figure  3  Reaction  "Depth*.  Figures  are  showing  the  results  obtained  from  SEM  micrographs  for  each 
sample,  choosing  positions  in  as  far  as  possible  without  unreacted  S1O2  particles  As  a  first 
step,  the  QEI  technique  was  used  Data  obtained  allowed  differentiation  between  silicon 
as  metal  (oxygen-free)  and  as  Si02,  either  as  small  particles  or  as  part  of  agglomerations  or  of 
product  layers  on  large  Si02  granules  Thus,  it  was  possible  to  perform  SSQ  The 
computation  errors  being  reduced  to  those  due  to  analyzed  surface  imperfections:  relief 
non-uniform  distribution  of  pores  and  of  their  sizes,  vesicles,  etc.  Based  on  SSQ  data  Al  as 
AI2O3  and  total  Si  concentration  values  were  calculated  This  diagram  represents  the  reduction 
in  size  of  the  biggest  Si02  core  found,  as  function  of  intensive  grinding  duration  (see  also 
Table  3).  It  shows  the  so-called  reaction  depth;  the  product  layer  thickness  found  on  the  above 
giant  Si02  granules  Note  that  much  larger  product  agglomerates  were  found  (see  also 
Table  3)  Based  on  SSQ  values,  it  was  possible  to  calculate  the  overall  Al/Si  value  which  now 
represents  a  measure  of  sample  homogeneousness  versus  intensive  grinding  duration 


Figure  4  XRD  pattern  of  Si02-A!  sample  afler  three  hours  of  intensive  grinding,  preheated  in  the  ignition 
assembly  under  vacuum  The  heal  treatment  was  stopped  before  ignition 


‘A 


5.1  A:  SAo(1  OOOOx)  Si02  Surface  After  Ignition 


5. IB:  X-ray  Line  Profile  of  5  1 A 


5.2A:  SAo  (7500x)  Section  in  a  Surface  Reacted  528  X-Ray  Line  Profile  of  5 

Si02  Particle 


Figure  5  Blank  sample  •  SAo  micrographs  of  large  silicon  dio>ide  particles  reacted  at  its  surface 
can  observe  the  'reaction  deplh' 


6.1A:  SA3(3500x).  Extra-Large  End-Product  Agglomeration  6. IB:  X-Ray  Line  Profile  of  6  1 A 


6.2:  SAa  (lOOOx).  Dense  Zone  -  Reaction  -  SintPied  Process 


Figure  6  Micrographs  taken  from  dense  zones  of  samples  ignited  afiPi  three  hours  of  intensive 
grinding 
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ABSTRACT 

Capillarity-thermodynamic  studies  were  conducted  to  obtain  contact-angle  data  of  molten  aluminum  on  boride 
(B4C,  TiB2,  AIB12)  and  carbide  (TiC,  SiC)  substrates  to  illustrate  the  feasibility  of  infiltrating  preforms  containing 
these  phases  with  aluminum.  Techniques  for  increasing  the  exothermic  potential  of  self-propagating  high- 
temperature  synthesis  (SHS)  reactions  ("exothermic  boosting”)  are  suggested  for  the  fabrication  of  B^-rich  and  SiC- 
rich  composite-ceramic  preforms  for  subsequent  infiltration  with  molten  aluminum.  EXOBOOST,  a  computer 
program,  has  been  developed  to  rapidly  screen  hundreds  of  ceramic  preform  combinations  based  on  SHS 
thermodynamics  and  exothermic  boosting.  Preliminary  studies  on  the  SHS  of  TiC  indicate  that  reactant-green  body 
properties  strongly  influence  uniformity  in  the  preform  microstructure. 

INTRODUCTION 

This  is  a  progress  report  of  continuing  research  in  the  area  of  developing  porous-ceramic  bodies  to  act  as 
preforms  for  subsequent  infiltration  with  liquid  metals. 

The  overall  research  objectives  are:  (1)  To  fabricate  boride  (e.g.,  B4C  or  TiB2)  and  carbide  (e.g.,  TiC  or  SiC) 
composite  preforms  using  self-propagaung  high-temperature  synthesis  (SHS).  (2)  To  infiltrate  these  preforms  with 
molten  aluminum  or  other  suitable  metal  phase.  (3)  To  investigate  the  practical  application  of  thermodynamic 
principles  for  the  selection  of  composite  preforms.  (4)  To  establish  processing  guidelines  for  the  manufacture  of 
these  materials. 
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The  technical  approach  will,  first,  confirm  the  capiUarity-thermodynainic  compatibility  of  potential  ceramic 
preform  phases  with  aluminum.  Second,  it  will  develop  a  computer  program  to  rapidly  check  SHS  thermodynamics 
of  different  two-phase  ceramic  preform  combinations.  And  finally,  it  will  systematically  study  reactant-greenbody 
processing  parameters  and  their  influence  on  combustion  and  preform  microstructure.  Work  is  still  in  progress  on 
the  latter,  so  results  there  are  preliminary. 

BACKGROUND 

Capillarity-thermodynamic  criteria  for  the  infiltration  of  metal  into  a  ceramic  preform  have  already  been 
established  by  Halverson  et  al. 1  Their  application  to  the  processing  of  B4C-AI  cermets  has  also  been 
demonstrated.2'4  It  is  appropriate,  therefore,  to  extend  the  use  of  wetting  data  for  the  infiltration  of  aluminum  into 
alternative  boride-  and  carbide-containing  preforms. 

The  authors’  previous  work-*  has  shown  that  the  fabrication  of  B4C-TiB2  preforms  is  possible  because  of  the 
high  exothermicity  associated  with  the  TiB2  reactions.  The  authors  also  confirmed  experimentally  that  the  relative 
amount  of  B4C  in  these  preforms  can  be  increased  by  simply  increasing  the  pre-ignition  temperature  of  the  reactants. 
These  preforms  were  subsequently  infiltrated  with  aluminum. 

Merzhanov^,  in  a  general  overview  of  the  SHS  process,  indicates  that  the  formation  of  weakly-exothermic 
compounds  (B4C,  A14C3,  SiC,  NbA^,  NbGe2,  TaS^,  M02C,  M0B2,  M02B,  Mo3Si,  WB,  W2B5,  and  WB2) 
requires  an  additional  heat  source  and  that  joint  synthesis  methods  for  strongly-  and  weakly-exothermic  compounds 
can  be  worked  out 

The  present  authors  have  developed  a  principle  called  "exothermic  boosting”  that  is  defined  as  follows: 
Exothermic  boosting  is  increasing  the  exothermic  potential  of  an  SHS  reaction  by  (1)  raising  the  pre-ignition 
temperature  of  the  reactants  just  prior  to  combustion  and  (2)  by  combining  reactants  that  form  low -exotherm  ic- 
potential  products  (LEPPs)  with  reactants  that  form  high-exothermic-potential  products  (HEPPs). 

The  application  of  wetting  data  and  the  principle  of  exothermic  boosting  are  straightforward  approaches  to 
developing  many  novel  compositions  of  matter.  One  severe  problem  still  remains,  however,  achieving  “total” 
uniformity  in  the  SHS  preform. 


To  fundamentally  approach  this  problem,  systematic  analysis  must  be  conducted  of  the  intrinsic  and  extrinsic 
variables  associated  with  precombustion  processing.  The  synthesis  of  TiC  was  selected  for  these  studies.  Titanium 
carbide  is  probably  one  of  the  most-widely-studied  SHS  reactions;  consequently,  it  offers  researchers  considerable 
information  about  its  properties,  structure,  thermodynamics,  and  kinetics.  With  these  data  “in-hand,”  one  can  now 
focus  on  the  processing  parameters  that  influence  and  (hopefully)  control  uniformity. 

EXPERIMENTAL  PROCEDURE 

Contact-angle  data  were  obtained  at  Lawrence  Livermore  National  Laboratory  (LLNL)  on  the  Advanced  Sessile 
Drop  Measurement  System  (ASDMS)7  High-purity  aluminum*4016  *  was  placed  atop  hot-pressed  ceramic 
substrates  of  B4C,  TiC,  AIB12,  SiC,  and  TiB2-Note  2  Each  substrate  and  a  small  piece  of  the  aluminum  were 
heated  in  vacuum  (10'5  to  10"6  Torr)  in  the  ASDMS  according  to  the  temperature-time  profile  of  Fig.  1.  The 
wetting  behavior  was  recorded  on  video  tape,  and  contact  angles  were  measured  with  a  protractor  during  playback. 

Titanium  carbide  processing  experiments  were  performed  using  two  grades  of  titanium  powder*4016  3  and  two 
grades  of  carbon  powder .Note  4  All  powders  were  characterized  at  LLNL.  Particle-size  distributions  for  the  titanium 
and  carbon  powders  are  shown  in  Figs.  2  and  3,  respectively.  BET  N2-gas  adsorption  analysis*'*016  ^  indicated  that 
the  -325  mesh  and  1-3  pm  Ti  powders  had  surface  areas  of  0.5  and  13.3  m2/g,  respectively,  and  that  the  -325  mesh 
graphite  and  carbon  black  powders  had  surface  areas  of  8.3  and  234  m2/g,  respectively.  Because  of  the  wide  size 
distributions,  these  powders  will  herein  be  referenced  by  their  surface  areas. 

Helium-pycnometric  densities*'*0'6  0  of  the  powders  are  as  follows; 

0.5  m2/g  Ti  =  4.46  g/cm3 
13.3  m2(g  Ti  =  4.44  g/cm3 
8.3  m2^g  C  =  2.40  g/cm3 
234  m^g  C  =  1.934  g/cm3 

X-ray  diffraction  studies  indicated  both  Ti  powders  and  the  8.3  m2/g  C  (graphite)  to  be  crystalline.  The  234 
m2/g  C  (carbon  black)  was  shown  to  be  completely  amorphous. 

SEM  analysis  showed  the  0.5  m2/g  Ti  to  be  predominantly  smooth-convoluted  grains  of  titanium  averaging 
10-20  pm  in  cross-section.  Most  appeared  to  be  dense.  The  13.3  m2/g  Ti  was  more  angular  and  less  smooth 


(probably  because  of  oxidation)  with  dense  grains  averaging  1  -8  pm  in  cross-section.  The  8.3  m^/g  C  showed  a 
typical  graphite  structure  (platey  habit)  with  dense  plates  on  the  order  of  2  pm  across  and  0.S  pm  thick.  The 
graphite  had  a  uniform  appearance  with  about  10%  of  the  plates  being  sub-tun.  The  234  m1 2 3 4 5 6 7 8 9 10/g  carbon  black 
consisted  of  highly-agglomerated  porous  spheres  about  1-10  pm  in  diameter.  Closer  examination  showed  what 
appeared  to  be  dense,  smooth,  oval  structures  measuring  less  than  0.1  pm  in  diameter. 

Table  I  shows  powder  impurity  levels.  Oxygen  levels  were  measured  using  neutron  activation,Note  7  so  arc 
representative  of  bulk  and  surface  contamination.  ESCA^otc  ®  indicated  only  slightly  higher  surface  oxides  in  the 
finer  Ti  powders  and  negligible  surface  oxidation  in  both  C  powders.  Carbon,  hydrogen,  and  nitrogen  were 
determined  by  combustion^ote  ail  other  impurities  were  measured  using  mass  spectrometry  Note  10 

Initial  processing  studies  involved  making  low-magnification  (20¥)  microscopic  comparisons  of  SHS- 
produced  TtC  after. 

•  Varying  the  reactant  panicle  mixtures  by  combining  different  grades  of  titanium  powders  with  different  grades 
of  carbon  powders; 

•  Comparing  outgassing  at  room  temperature  (3.5  hours,  200  mTorr)  to  outgassing  at  500  °C  (3.5  hours,  200 
mTorr)  to  no  outgassing  conditions; 

•  Changing  the  reactant-powder  axial-compaction  pressure  from  5,000  psi  to  10,000  psi  (no  binders,  dry); 

•  Altering  the  mixing  order  of  the  reactant  powders. 

(Note:  All  powder  mixtures  consisted  of  81  wt%  Ti  +  19  wt%  total  C  to  produce  stoichiometric  TiC 
products.  Each  was  vibratory  mixed  for  5  minutes  before  pressing.) 

1  Alfa  00526  aluminum  pellets,  0.99999  pure. 

2  Cercom  hot-pressed  substrates. 

3  Alfa  00724  titanium  powder  (-325  mesh)  and  Alfa  99883  titanium  powder  (1-3  )im, 
packed  in  argon). 

4  Alfa  00641  graphite  powder  (-325  mesh)  and  Cabot  Monarch  700  amorphous  carbon 
black. 

5  Digisorb  2600  5-point  BET  calculation. 

6  Beckman  autopycnometer. 

7  1RT  Corporation,  San  Diego,  Calif. 

8  Surface  Science  Laboratories,  Mountain  View,  Calif. 

9  Leco  combustion  technique. 

1 0  Jarrell- Ash  spectrographic  analysis. 


THERMODYNAMIC  CONSIDERATIONS 


Figure  4  shows  the  results  of  the  capillarity-thermodynamic  studies.  These  results  indicate  that  contact  angles 
less  than  90  degrees  (wetting)  can  be  achieved  for  the  ceramic-aluminum  combinations  shown.  This  is  a  necessary 
condition  for  the  infiltration  of  aluminum  into  preforms  containing  these  ceramic  phases.  Other  factors  (e.g„ 
ceramic-metal  capillarity  kinetics,  reaction  thermodynamics,  and  reaction  kinetics)  must  also  be  considered  for 
microstructural  enhancement1-*;  however,  for  successful  infiltration,  wetting  must  be  achieved  first 

Table  II  shows  thermodynamic  properties  for  the  selection  of  product  phases  in  B4C-T1B2,  B4C-TiC,  and 
SiC-TiC  composite  preforms.  This  table  also  gives  the  theoretical  density  and  reported  hardness  range  for  each 
phase.  From  the  table,  it  is  evident  that  both  B4C  and  SiC  are  LEPPs  and  that  both  T1B2  and  TiC  are  HEPPs. 
Although  it  would  be  very  easy  to  form  T1B2-T1C  preforms,  a  more  practical  application  of  exothermic  boosting  is 
evidenced  by  the  following  SHS  reactions: 

14B  +  3C  +  Ti - >  3B4C  +  TiB2  (2.90  g/cm3) 

12B  +  4C  +  Ti - >  3B4C  +  TiC  (2.90  g/cm3) 

4Si  +  4C  +  Ti - >  3SiC  +  TiC  (3.60  g/cm3) 

Previous  work-*  illustrated  that  a  pre-ignition  temperature  of  1200  K  exothermically  boosted  the  first  reaction 
shown  above  to  a  preform  micros tnicture  containing  81  vol%  B4C! 

The  previous  research  also  resulted  in  a  crude  computer  program  for  calculating  adiabatic  temperatures  as  a 
function  of  ratios  for  different  pre-ignition  temperatures.  During  the  past  3  months,  considerable  effort 

was  spent  developing  a  more  “generic”  form  of  the  program.®  The  new  program  (appropriately  named  EXOBOOST) 
has  a  sophisticated  user  interface  (menu-driven,  context-sensitive  help,  earconics,  etc.);  comes  with  a  database 
containing  commonly-synthesized  borides,  carbides,  silicides,  and  sulfides;  and  offers  the  user  a  62V62  matrix  of 
LEPP/HEPP  preform  combinations. 

Figure  5  shows  a  rendition  of  an  EXOBOOST  screen  after  performance  of  one  of  its  high-speed  iterative- 
trapezoid-rule  integrations.  Also  shown  is  the  ability  to  select  adiabatic-temperature  output  as  a  function  of 
LEPP/HEPP  ratios  for  different  values  of  the  pre-ignition  temperature  (Tq),  or  as  a  function  of  Tq  for  different 
LEPP/HEPP  ratios. 


Figures  6  through  8  are  renditions  of  EXOBOOST’s  high-resolution  graphical  output.  Each  is  a  plot  of 
adiabatic  temperature  as  a  function  of  LEPP/HEPP  ratios  up  to  3.0  (i.e.,  to  a  yield  of  slightly  greater  than  80  vol% 
LEPP)  for  pre-ignition  temperatures  of  298  K,  600  K,  900  K,  and  1200  K  for  the  fabrication  of  B4C-TiB2,  B4C- 
TiC,  and  SiC-TiC  preforms. 

EXOBOOST  output  is  based  on  the  thermodynamic  values  input  by  the  user.  Thermodynamic  data  vary  from 
source  to  source.  For  example,  enthalpies  of  formation  (298  K)  for  TiB2  are  reported  in  the  literature  as  -70,260 
cal/mole,^  -77,400±900  cal/mole,1®  -77,400  cal/mole,^ 1  and  -66,800  cal/mole.^  Figure  6  was  plotted  using  the 
value  reported  by  Pankratz  etal.11  Using  a  lower  enthalpy  will  result  in  the  output  of  lower  adiabatic  temperature 
curves. 

PRELIMINARY  PROCESSING-STUDY  RESULTS 

Figure  9  shows  the  micros trucUiral  differences  that  occur  from  use  of  different  size  titanium  reactant  powders 
with  three  different  carbon  mixtures  (all  powders  mixed  together  at  the  same  time,  axially  pressed  at  10,000  psi,  and 
outgassed  3.5  hours  at  500  °C,  200  mTorr).  Regardless  of  the  carbon  mixture  used,  the  0.5  m^/g  Ti  compacts 
always  showed  more  laminar  (exfoliated)  microstructures  than  did  the  13.3  m2/g  Ti  compacts. 

Figure  10  illustrates  the  micros tructural  change  resulting  from  variation  in  outgassing  conditions.  This  figure 
compares  the  conditions  of  no  outgassing  to  outgassing  at  20  °C  (3.5  hours,  200  mTorr)  to  outgassing  at  500  °C 
(3.5  hours,  200  mTorr).  Reactant  powders  were  13.3  m^/g  Ti  and  234  m^/g  C  (all  mixed  together  at  once  and 
axially  pressed  at  10,000  psi).  Elevated-temperature  outgassing  appeared  to  inhibit  lamination  with  these  reactants. 

A  similar  experiment  using  0.5  m^/g  Ti  and  234  m^/g  C  did  not  eliminate  lamination  as  much  as  did  the  13.3  m2/g 
Ti,  but  it  did  significantly  reduce  the  degree  of  exfoliation  during  SHS. 

It  was  not  possible  to  ignite  the  compacts  when  8.3  m^/g  graphite  was  the  only  source  of  carbon.  The 
maximum  graphitexarbon  black  ratio  that  could  sustain  combustion  was  50:50  by  weight.  Figure  1 1  compares  the 
effect  on  microstructure  of  changing  the  graphite:carbon  weight  ratios  from  0:100  to  25:75  to  50:50.  No  change  is 
readily  evident  at  low  magnification,  but  higher  magnification  reveals  different  morphologies.  It  is  suggested  that 
the  greater  thermal  conductivity  associated  with  the  graphite  powder  may  be  drawing  heat  from  the  combustion  zone. 
This  localized  heat-transfer  phenomenon  would  affect  the  kinetics  associated  with  TiC  grain  growth  and  could 
account  for  these  microstructural  differences.  Further  study  is  needed  to  confirm  this,  however.  Compacts  were 


prepared  using  both  0.5  m^/g  and  13.3  m^/g  Ti  reactants.  These  morphological  changes  appeared  regardless  of  the 
Ti  used.  All  reactants  were  mixed  at  the  same  time,  outgassed  at  500  °C  (3.5  hours,  200  mTorr),  and  axially  pressed 
at  10,000  psi. 

Two  other  preliminary  observations  were  noteworthy.  When  the  graphite.carbon  mixtures  woe  premixed 
(i.e.,  separately  vibratory  mixed  for  5  minutes)  and  then  combined  with  the  Ti  reactant  powder,  the  time  to  ignition 
was  considerably  longer.  In  addition,  the  microstructure  appeared  “graded,’’  probably  partly  due  to  the  partial 
sintering  of  the  ignition  surface  prior  to  combustion. 

Finally,  compacts  that  were  axially  pressed  at  10,000  psi  appeared  to  exfoliate  more  than  did  samples  pressed 
at  5,000  psi.  This  may  be  caused  by  increased  pressure-buildup  resulting  from  smaller  channels  in  more  compacted 
parts  that  make  the  escape  of  volatiles  more  difficult 

CONCLUSIONS 

Capillarity-thermodynamic  compatibility  studies  indicate  that  infiltration  of  aluminum  into  composite- 
ceramic  preforms  containing  B4C,  TiB2<  A1B 12,  SiC,  and/or  TiC  is  feasible.  Exothermic  boosting  can  be  used  to 
produce  composite  preforms  rich  in  either  B4C  or  SiC  (>80  vol%).  EXOBOOST  computer  program  calculations 
indicate  that  SHS  of  B4C-TiB2,  B4C-TiC,  and  SiC-TiC  preforms  is  possible.  Preliminary  SHS-processing  studies 
of  TiC  suggest  that  preform  microstructure  is  strongly  influenced  by  reactant- greenbody  properties  and  processing. 
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ABSTRACT 

The  combustion  characteristics  of  molybdenum  -  silicon  system  have  been 
studied  both  experimentally  and  theoretically.  The  simple  surface  reaction 
controlled  model  has  been  proposed  for  the  systems  in  which  the  product 
layer  exhibits  a  porous  microstructure. 

The  combustion  front  velocity,  the  maximum  combustion  temperature  as  well  as 
the  axial  temperature  distribution  for  different  degree  of  dilution  and 
avarage  molybdenum  particle  sizes  are  in  good  quantitative  agreement  with 
experimental  measurements. 

INTRODUCTION 

There  is  a  significant  number  of  the  theoretical  [  1-5  ]  and 
experimental  [6-8]  papers  on  the  combustion  processes  of  both  gas  -  solid 
and  solid  -  solid  systems.  However,  there  are  only  a  few  papers  [9-11] 
comparing  experimental  observations  with  numerical  simulation.  Quantitative 
simulation  of  solid  -  solid  reactions  in  the  combustion  regime  is  very 
difficult  due  to  the  lack  of  information  on  the  reaction  mechanism  as  well 
as  physical  properties  of  solid  reactants  and  products  at  elavated 
temperatures. 
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In  this  paper  we  have  made  an  attempt  to  i)  understand  the  reaction 
mechanism  in  a  system  where  one  of  the  reactants  does  not  melt  and  the 
product  formed  in  this  reaction  exhibits  porous  microstructure, 
ii)  compare  the  experimental  observations  of  the  reaction  front  propagation 
with  the  numerical  results. 

As  a  modeling  reaction  we  have  chosen  molybdenum  -  silicon  system  which  was 
previously  studied  experimentally  [12-14]. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  synthesis  of  molybdenum  disilicide  from  molybdenum  powder  of 
different  particle  sizes  and  silicon  was  carried  out  in  the  reactor  chamber 
(see  Fig.  1)  at  atmospheric  pressure  of  argon.  The  cylindrical  specimens 
were  formed  from  well  mixed  reactant  powders  in  a  cold-pressing  operation 
and  latter  ignited  by  a  resistively  heated  grafoil  filament. 
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Figure  1.  Experimental  set-up. 

The  uniformity  of  the  dispersion  was  varified  by  SEM  micrographs.  Thermal 
conductivity  was  measured  using  a  steady  state  technique.  The  reactant 
powders  were  analyzed  for  the  particle  size,  shape  and  structure  using 
scanning  electron  microscope.  The  reactants  and  product  were  also  analyzed 
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for  elemental  composition  using  emission  spectroscopy  and  X-ray  diffraction. 
Both  axial  and  radial  temperature  profiles  were  measured  by  using  tungsten/ 
5%  rhenium  -  tungsten/  26%  rhenium  thermocouples  that  were  inserted  in  the 
cylindrical  pellets.  The  propagation  of  the  combustion  front  was  recorded 
using  RCA  video  camera/  recorder  system.  Frame  by  frame  analysis  of  the 
combustion  front  propagation  was  done  to  characterize  the  mode  of  combustion 
and  the  combustion  front  velocity. 

EXPERIMENTAL  RESULTS 

The  effect  of  a  set  of  parameters  such  as  reactant  composition, 
specimen  density  and  diameter,  initial  temperature,  reactant  particle  size 
and  degree  of  dilution  on  the  combustion  wave  propagation  and  product 
composition  has  been  studied. 

Molybdenum  powders  with  different  particle  sizes  obtained  from  Van  Lac  Oid 
Co.,N.J.  of  minimum  purity  99.98%  and  amorphous  silicon  from  ROC/RIC  of 
minimum  purity  99%  were  use  in  these  experiments.  The  dilution  of  the 
reactant  mixture  was  achieved  by  using  excess  of  silicon  or  molybdenum 
disilicide.  Reactants,  when  mixed,  in  stoichiometric  proportions  after 
reaction  always  gave  tetragonal  single  phase  molybdenum  disilicide.  The 
phase  composition  remained  unchanged  even  whe  the  reactant  mixture  was 
diluted  by  excess  of  silicon  or/and  molybdenum  disilicide.  The  micrographs 
(  see  Fig.  2a  )  show  the  reactant  metal  particles  which  appear  to  be  largely 
spherical  and  porous.  The  product  particles  obtained  also  appear  to  be 
porous  and  retained  the  spherical  shape  (see  Fig.  2b). 

Molybdenum  disilicide  produced  by  SHS  technique  exhibits  also  significantly 
(  more  than  two  times  )  higher  specific  surface  area  than  molybdenum  powder. 
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(a)  (b) 


Figure  2.  The  micrographs  of  the  molybdenum  and  molybdenum  disilicide 
particles. 

It  indicates  that  the  product  formed  in  this  reaction  has  porous 
microstructure.  The  effect  of  dilution  by  molybdenum  disilicide,  and  the 
effect  of  avarage  molybdenum  particle  size  on  the  combustion  front  velocity 
and  comparison  with  numerical  simulations  are  presented  in  Figures  3  and  4. 
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MODEL  FORMULATION 

The  analysis  of  solid  -  solid  combustion  reactions  in  the  SHS  regime  is 
quite  difficult  due  to  the  complex  interaction  between  solid  reactants. 

A  majority  of  reaction  models  describing  reaction  between  two  solid 
compounds,  assumes  that  the  diffusion  process  of  one  or  both  reactants 
through  the  product  layer  is  the  rate  determining  step.  These  models  also 
assume  that  the  chemical  reaction  and  nucleation  of  the  new  phase  are 
significantly  faster  than  diffusion  through  the  product  layer.  Such 
assumption  is  valid  for  many  solid  -  so]  d  as  well  as  solid  -  gas  systems 
where  the  solid  product  is  formed  as  a  continuous  film  which  separates  both 
reactants.  However,  in  many  cases  the  morphological  structure  of  the 
nonmelting  reactant  as  well  as  a  formed  product  is  porous  due  to  the  nature 
of  a  reaction  or  due  to  the  crack  development  caused  by  large  microthermal 
stresses.  In  such  cases  the  more  "mobile"  solid  reactant  has  quite  good 
access  into  the  unreacted  core  of  a  second  reactant.  The  effect  of 
diffusion  through  the  product  layer  is  limited  to  the  diffusion  through  the 
submicron  product  layers  formed  on  micrograins  of  a  porous  particle.  This 
type  of  diffusion  should  not  be  affected  by  particle  size  of  a  nonmelting 
reactant. 

Ba.  ed  on  the  above  analysis  we  have  assumed  in  our  model  that  the  reaction 
rate  is  proportional  to  the  surface  area  of  the  fraction  of  unreacted 
nonmelting  compound. 

The  reaction  between  two  reactants  where  one  of  them  does  not  melt  during 
reaction  and  a  product  exhibits  a  porous  microstructure  is  described  by: 

aA  (solid,  liquid  and/or  gas  )  +  B  (solid)  - >  P  (solid) 
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The  reaction  rate  at  the  interface  reads: 
dN. 


dt 


,  -E/RT  .  2  w 

=  k  e  4n  r  c1T,  M. 

s  c  AR  A 


III 


The  molar  rate  of  consumption  can  be  expressed  as  follows: 


dN£ 
"d T 


1  ^A 


dr 


dt  PB  ^ 


4tt  r 


a  dt  a  b  c  dt 

where:  M^,  Mg  -  molecular  weight  of  reactants,  kg/kmol 
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111 


pg  -  density  of  nonmelting  reactant,  kg/m“ 

kg  -  pre-exponential  factor,  m/s 

E  -  activation  energy,  J/kmol 

R  -  universal  gas  constant,  J/kmol. K 

a  -  stoichiometric  coefficient 

Rp  -  avarage  particle  radius,  m 

rc  -  reaction  front  interface  position,  m 

-  initial  concentration  of  more  "mobile"  reactant  kg/m' 


AR 

Defining  the  extent  of  conversion  of  the  solid  particle  as: 

r  3 

"  *  1  -  (-F-) 

p 

and  rearranging  the  equations  III  and  111  we  obtain: 


/  3/ 


-IQ.  = 

dt 


M  k  e'E/RT  C 
A  s  AR 


(  1 


n) 


0.667 


/4/ 


PB  RP 

The  kinetic  constant  kg  and  the  activation  energy  E  have  been  determined 
experimentally  using  the  Merzhanov's  approach  [2]  and  from  DTA  measurements 
[16].  A  good  agreement  between  both  techniques  was  found. 

The  numerical  simulations  of  combustion  wave  propagation  in  the 
cylindrical  specimen  were  performed  using  one-dimensional  model.  The  heat 
and  material  balances  for  the  semi-infinite  cylindrical  body  are: 

A  32T  .  /■  ,„v  1  9n  4h 


0T 

at 


3  T  ,  1  3n 

- +  (-  4H)  —  w  r-1 

pc, 2  mcm3t  r 

p  p  3x  p  rp  p 


PCD  (T  -  To>  /5/ 


7 


-fa-  •  f<n,T) 

The  initial  conditions  are: 


/  6/ 


t  -  0 


0  <  x  < 


The  boundary  conditions  are: 


t  >  0  x  *  0 

x  - >  *> 


T  =  T0  ,  n  -  0 


T  =  T 


T  =  Tr 


where : 


A 
c 

P 

("AH) 


m 


m 


pellet  density,  kg/m 
thermal  conductivity,  W/m.K 
heat  capacity,  J/kg.K 

heat  of  reaction/  mass  of  the  limiting  reactant,  J/kg 

mass  fraction  of  the  limiting  reactant 

2, 


h  -  heat  transfer  coefficient,  W/m  K 
D  -  specimen  diameter,  m 

Tq  -  ambient  temperature,  K 

The  equations  / 5/  and  /6/  were  solved  using  the  parameter  values  given  in 
Table  1.  A  fourth  order  finite  difference  technique  has  been  used  to 
approximate  the  governing  equations  [A]. 


DISCUSSION  AND  CONCLUSION 

The  experimental  results  of  the  combustion  front  propagation  as  a 
function  of  dilution  by  final  product  or  by  silicon  together  with  those 
numerically  calculated  are  presented  in  Fig. 3.  The  velocity  of  the  reaction 
front,  the  maximum  combustion  temperature  as  well  as  the  temperature 
distribution  and  the  extinction  point  are  in  a  very  good  quantitative 
agreement. 


8 


The  effect  of  the  avarage  particle  size  on  the  rate  of  propagation  has 
shown  slightly  higher  discrepancy  between  the  experimental  observations  and 
the  numerical  results  for  larger  molybdenum  particles  (see  Fig.  4). 

This  discrepancy  might  be  explained  by  the  fact  that  the  avarage  product 
particle  size  was  smaller  than  the  molybdenum  particle  size,  apparently  due 
to  the  enormous  intraparticle  thermal  stresses  during  the  combustion 
synthesis.  It  has  been  also  demonstrated  that  the  simple  surface  reaction 
controlled  model  might  be  a  very  useful  approximation  in  the  case  of  solid 
solid  reactions  where  a  product  exhibiting  porous  microstructure  is  formed. 
Such  a  porous  structure  allows  relatively  easy  access  of  one,  usually  low 
melting  component,  to  the  surface  of  the  second  reactant.  However,  a  more 
extensive  study,  including  the  analysis  of  other  systems,  is  required  in 
order  to  fully  justify  the  use  and  applicability  of  this  model. 


TABLE  1 

Kinetic  and  physico-chemical  data  for  molybdenum  -  silicon  system  [16]. 


Heat  capacity 

J/kg.K 

607.0 

Thermal  conductivity 

W/m.K 

1.8 

Pellet  density 

kg/m3 

2520.0 

Heat  of  reaction 

J/kg 

1.38  106 

Heat  transfer  coefficient 

W/m2 .K 

75.0 

Activation  energy 

J/mole 

99,722. 

Pre-exponential  factor 

m/ s 

2.349 

Mo  avarage  particle  radius 

m 

5.0  -  50.0  10'6 

Degree  of  dilution 

0  -  60% 
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Abstract 

The  simultaneous  formation  and  sintering  of  TiBg  was  investigated.  The 
resulting  material  showed  an  equi -granular  structure  with  grain  sizes  >l/im. 
Coherent  grain  boundaries  were  frequently  observed.  A  new  phase  was  found  in 
grain  boundaries  and  b-axis  of  the  base  was  as  long  as  3/2  times  that  of  TiB^. 

In, trod, list  Ian 

Recently,  a  self  combustion  synthesis  has  been  applied  to  produce  sintered 
bodies  of  high  temperature  materials  without  any  additives  (1).  Takano,  et 
al.,  have  succeeded  in  producing  Ti Bg  sintered  bodies  by  the  self  combustion 
reaction  between  Ti  and  B  in  an  HIP  apparatus.  The  sintered  bodies  consisted 
of  fine-grained  Ti Bg  crystals.  Densities  of  the  sintered  bodies  reached  more 
than  98%  of  the  theoretical  value,  although  they  depended  on  the  Ti/B  mole 
ratio  in  starting  mixtures.  However,  the  reason  the  mole  ratio  affects  the 
densities  still  remains  unsolved. 

The  purpose  of  the  present  study  is  to  describe  the  microstructure  of  a 
Ti B2  sintered  body  and  provide  new  information  which  will  contribute  to  solving 
the  mechanism  of  the  simultaneous  sintering  with  a  self  combustion  reaction. 
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Starting  materials  were  powders  of  Ti  (purity,  99.5%)  and  B  (purity  95.0%) 
which  were  mixed  with  a  Ti/B  mole  ratio  of  0.58.  The  value  was  the  optimum  one 
to  form  sintered  bodies  with  high  density.  The  starting  materials  were  mixed 
with  ethanol  in  an  agate  mortar.  The  mixture  was  dried,  then  pressed  into  a 
pellet  15  mm  in  height  and  17  mm  in  diameter.  The  surface  of  the  pellet  was 
coated  with  BN  powder  and  was  isostatically  pressed  at  room  temperature  at  100 
MPa,  followed  by  degassing  at  500*C  for  two  hours  in  a  pyrex  gass  tube.  After 
degassing,  the  specimen  was  sealed  into  the  glass  tube.  The  sealed  specimen 
was  placed  in  a  carbon  crucible  which  was  filled  with  a  mixture  of  Ti  and  B 
powders,  was  put  into  a  pressure  vessel,  and  was  heated  to  700°C.  After  the 
pyrex  glass  tube  was  softened,  pressure  was  loaded  by  injecting  argon  gas  into 
the  vessel  until  the  pressure  increased  to  100  Mpa. 

The  powders  in  the  crucible  were  ignited  by  passing  a  current  of  100 
ampere  for  2  or  3  seconds  through  a  carbon  ribbon  heater  which  was  placed  at 
the  top  of  the  crucible. 

The  bulk  density  of  the  sintered  body  was  measured  by  the  Archimedes 
method. 

Thin  sections  were  prepared  for  the  TEM  observations.  A  section  cut  out 
from  the  specimen  was  ground  to  a  thin  foil  with  a  thickness  of  about  30  ^m  and 
was  thinned  by  ion  bombardment  using  argon  gas. 

The  thinned  specimen  was  observed  by  high  resolution  type  TEM  (HITACH  H- 
1250)  equipped  with  a  double  tilt  goniometer  operating  at  1,000  kV. 
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The  specimen  was  observed  at  low  magnification  at  the  beginning  (Figure 
1).  Almost  all  of  the  grains  were  less  than  1  j*m  in  size  and  no  grain  boundary 


phase  was  observed.  Traces  of  grain  boundaries  often  appeared  as  straight 
segments  of  lines  which  were  marked  with  open  circles  in  this  Figure.  These 
characteristic  grain  boundaries  were  considered  to  be  closeley  related  to  the 
crystal  habit  of  Ti Bg ♦ 

Figure  2  shows  details  of  the  grains.  An  electron  diffraction  pattern 
from  one  of  the  grain  was  also  shown  in  the  inset  in  this  figure.  The  grain 
was  identified  as  T1B2  from  the  diffraction  pattern  which  was  consistent  with 
the  reciprocal  plane  normal  to  [101]*  of  T1 Bg .  The  trace  of  the  grain  boundary 
marked  by  an  arrow  in  the  figure  was  parallel  to  (001)  of  TiB2-  These  facts 
indicate  that  the  grains  often  retain  Idiomorphic  faces  of  the  Ti B2  crystal. 

An  X-ray  diffraction  pattern  of  the  sintered  body  indicated  the  existence 
of  a  small  amount  of  Ti^B^.  The  phase  was  observed  as  large  particles  under 
the  TEM  observation.  Figure  3  shows  a  TijB^  grain  with  irregular  form.  The 
inset  of  this  figure  is  an  electron  diffraction  pattern  from  the  grain  which 
could  be  indexed  with  the  reciprocal  lattice  of  Ti-jB^. 

No  grain  boundary  nMse  was  observed  except  in  the  case  where  an 
unidentified  phase  existed  In  the  marginal  zones  of  grains.  Figure  4  shows  an 
example  of  the  fact  that  different  electron  diffraction  pattern  could  be 
observed  in  a  grain.  The  central  part  of  the  grain  gave  an  electron 
diffraction  pattern  which  could  be  identified  as  a  TiB2  crystal.  The  marginal 
zone  gave  a  quite  similar  diffraction  pattern  to  that  observed  in  the  center  of 
the  grain,  but  the  repeat  distance  along  the  c-  axis  was  different.  These  two 
electron  diffraction  patters  are  shown  in  the  insets  of  Figure  4.  The  latter 
diffraction  pattern  could  be  indexed  by  a  new  lattice  which  has  3/2  times  the 
repeat  distance  along  the  c-axis  of  TiB2-  The  result  is  shown  in  Figure  5, 
which  represents  the  fact  that  the  two  phases  maintain  an  axial  relationship  to 
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each  other. 

There  were  many  cases  in  which  two  Ti Bg  grains  contacted  directly  at  a 
grain  boundary  giving  rise  to  a  coherent  structure. 

Figure  6  shows  a  coherent  grain  boundary  between  two  Ti Bg  grains.  The  two 
grains  are  in  an  orientation  similar  to  each  other.  The  insets  in  Figure  6  are 
optical  transforms  for  the  corresponding  regions.  The  orientation  of  the 
bright  region  in  this  figure  deviates  slightly  from  that  of  the  dark  region, 
the  [110]  axis  being  common  in  the  two  grains.  The  orientation  relationship  is 
shown  schematically  in  Figure  7. 

The  characters  of  the  microstructure  of  the  Ti B2  sintered  body  prepared  by 
self  combustion  reaction  could  be  summarized  as  follows: 

1.  The  specimen  shows  an  equi -granular  structure  with  grain 
sizes  less  than  1  *>m. 

2.  The  grain  often  retains  idiomorphic  crystal  faces. 

3.  There  are  many  grain  boundaries  where  coherent  grain 
boundary  structures  are  maintained. 

4.  These  characteristic  microstructures  should  originate  from 
processing  in  which  the  specimen  reach  more  than  3000-C. 
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Microstructure  of  a  Ti Bg  sintered  body. 

Microstructure  of  a  Ti Bg  sintered  body. 

A  grain  of  TijB^  in  TiBj  sintered  body. 

Microstructure  of  a  marginal  zone  of  a  grain  showing  the  existence 
of  an  unidentified  phase. 

Reciprocal  lattice  and  electron  diffraction  patterns  of  an 
unidentified  phase. 

Coherent  grain  boundary  between  two  Ti Bg  grains. 

Schematic  illustration  of  an  orientation  relation  between  two  grains. 
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Abstract 

The  utilization  of  a  laser  for  the  ignition  of  gasless  combustion 
reactions  is  demonstrated.  Practical  experimental  methods  and  data  reduction 
techniques  are  discussed. 
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A  laser  Ignition  Study  of  Gasless 
Reactions  Using  Thermography 


IMR0DUCT10N 

Lasers  provide  many  distinct  advantages  for  studying  the  dynamics  of  pyrotechnic 
ignition.  The  beam  is  readily  controlled,  allowing  one  to  apply  a  known  power 
density  to  a  precise  location  for  an  accurately  known  time.  From  a  knowledge  of  the 
absorption  spectra  of  materials  to  be  tested  and  the  wavelength  of  the  laser 
radiation,  one  should  in  principle  be  able  to  predict,  with  confidence,  the  amount 
of  energy  absorbed  by  a  sanple  during  laser  radiation.  Several  complications  can 
spoil  this  ideal  picture  -  sanple  surface  finish,  vaporization,  decomposition,  beam 
fluctuations  and  even  air  current.  With  some  samples  and  at  high  power  densities 
radiative  loses  can  be  significant  as  well. 

Even  under  ideal  conditions,  a  knowledge  of  the  amount  of  energy  absorbed  alone  may 
not  be  sufficient.  One  also  needs  to  know  the  distribution  of  energy  in  the  sanple 
at  ignition.  This  becomes  a  difficult  experimental  challenge  in  samples  that  are 
relatively  poor  thermal  conductors,  in  which  the  temperature  gradients  are  large  and 
the  effective  heated  spot  size  is  small.  Optical  techniques,  which  are  fast, 
non-obtrusive,  and  which  can  be  arranged  to  give  ample  spatial  resolution  and  which 
are  capable  of  measuring  very  high  temperatures,  would  seem  to  be  ideally  suited  to 
observe  the  temperature  distribution  in  a  laser  heated  sanple.  Infrared  scanning 
systems  which  can  produce  complete  surface  temperature  records  at  video  display  and 
recording  rates  are  commercially  available.  Using  such  a  system  to  monitor  a  laser 
heated  sanple  during  ignition  is  a  powerful  experimental  technique. 
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We  have  reported  the  initial  results  from  the  application  of  this  method  to  the 
study  of  thermite  ignition.1,2  The  emphasis  in  these  reports  was  on  the 
application  of  standard  ignition  theory  to  interpretation  of  cur  data.  Practical 
experimental  methods  and  data  reduction  will  be  emphasized  in  this  report. 
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TE5T  APPARATUS 

A  schematic  view  of  the  test  system  is  shewn  in  Figure  1.  The  beam  from  the  80w 
002  laser  is  combined  with  the  He  Ne  laser  at  the  beam  splitter  and  a  minor 
portion  of  the  002  laser  beam  is  split  off  to  a  small  detector  to  monitor  the 
length  and  shape  of  the  laser  pulse  applied  to  the  sanple.  The  main  portion  of  the 
beam  is  directed  through  a  10  inch  focal  length,  zinc  selenide  lens,  and  then 
through  a  hole  in  a  tungsten  mirror  mounted  at  45  degrees  to  the  beam  axis.  The 
beam  passes  through  the  sodium  chloride  window  of  the  sample  housing  and  impinges  on 
the  3/4  inch  diameter  sample  pellet.  The  sample  housing  is  protected  by  a  graphite 
sample  cup.  The  power  meter  head  mounted  behind  the  sample  housing  is  used  to 
measure  the  power  of  the  beam,  prior  to  testing.  Infrared  radiation  emitted  from 
the  test  sample  is  reflected  from  the  tungsten  mirror  into  the  thermographic 
scanner. 


The  small  size  of  the  sample  housing,  2”  x  2"  x  3",  permits  mounting  on  translation 
stages  for  accurate  location  of  the  sanple.  The  housing  is  fitted  with  a  flexible 
high  pressure  tube  for  introduction  of  special  gases  or  for  evacuation  or 
pressurization.  »  of  ++»  eaqaegMnenfceri  TV',*1"a*~1,n  cihr*-,n  figure  2- 

m  m.-«iirur-w  -i e  in  g*g"rn  use  of  a  3X  lens  and  a  six 

inch  close-up  lens,  spatial  resolution  is  improved  to  .0091  cm/pixel. 


im 


vTION 


The  scanner  rrrn  in  Figurr  -P-  is  part  of  the  Inframetrics,  Model  600  system.  It  is 


fitted  with  a  selection  of  filters  that  can  be  inserted  into  the  optical  path  within 
the  scanner.  Filter  selection  is  controlled  from  the  system  console.  A  6.9  micron 
cutoff  filter  blocks  10.6  micron  energy  reflected  from  the  laser  beam. 
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TVro  mirrors  in  the  scanner  provide  for  horizontal  and  vertical  scanning.  In  one 
mode,  the  vertical  scan  mirror  is  stopped,  causing  repetitive  horizontal  scanning  of 
a  single  line  across  the  saitple  surface.  The  resulting  video  image  in  which  the 
vertical  axis  is  time  and  the  horizontal  axis  is  radial  distance  is  shown  in  Figure 
2^.  An  update  of  the  temperature  distribution  along  this  line  is  provided  every 
125  microseconds.  Ignition  times  ranging  from  a  few  milliseconds  to  a  second  or 
more  can  be  obtained  by  judicious  control  of  beam  power. 


The  transiency  of  the  ignition  period  makes  it  necessary  to  record  the  thermographic 
response.  A  high  quality  video  tape  recorder  is  important  since  noise,  distortion 
or  intensity  shifts  can  have  a  severe  effect  on  the  accuracy  of  the  temperature 
readings  obtained  during  play  back.  We  use  a  Sony  5800,  3/4  inch  recorder.  While 
it  is  often  convenient  to  use  search  and  freeze  frame  to  locate  and  fix  a  selected 
field,  the  resulting  intensity  shift  and/or  distortion  is  often  unacceptable.  One 
should  also  be  aware  that  video  frames  consist  of  two  interlaced  fields  and  that 
sane  recorders  are  not  capable  of  freezing  sequential  fields.  To  avoid  these 
problems,  it  is  necessary  to  capture  selected  video  frames  in  digital  memory  while 
the  recorder  is  in  play  mode.  Time  encoding  and  time  code  reading  capability  is 
needed  to  identify  and  freeze  a  selected  field.  The  digital  freeze  frame  unit 
converts  the  intensity  record  back  to  an  analog  signal  for  transfer  to  the  display 
monitor  and/or  FC-AT  based  data  analysis  system.  During  the  complete  process,  from 
initial  scam  to  fined  analysis,  the  intensity  record  goes  through  three  analog  to 
digital  conversions.  The  first  A/D  conversion  occurs  in  the  scanner  where 
microprocessor  controlled  gain  is  applied  to  correct  the  detector  signal,  which  is 
reconverted  for  analog  video  output.  A  second  A/D  conversions  is  done  to  capture 
two  video  fields  (one  frame)  in  digital  memory.  The  digitally  stored  fields  are 
reconverted  to  an  analog  signed  for  transfer  to  the  video  processor  board  in  the 


PC-AT  computer  where  the  third  A/D  conversion  occurs  in  preparation  for  digital 
processing  of  the  intensity-space-time  data.  The  integrity  of  the  intensity  scale 
is  maintained  by  a  gray  scale  at  the  bottom  of  each  field.  If  needed,  a  gain  and 
offset  adjustment  can  be  made  at  the  frame  store  unit  before  the  final  A/D 
conversion. 


The  final  digitized  image  field  can  be  processed  using  software  supplied  by 
Thermoteknix  Systems  Ltd.  For  the  purpose  of  this  project,  only  the  data  file 
formation  function  is  used.  This  function  stores  experimental  parameters  such  as 
sanple  emissitivity,  external  optics  transmission  factors  and  reflected  radiation 
along  with  instrument  calibration  a>d  image  intensity  data.  User  programing  is 
required  to  read  and  convert  these  data  to  temperature,  distance  and  time  values. 

Final  data  analysis,  which  aoocnplishes  smoothing  and  makes  extraction  of  heat  rise 
and  thermal  properties  possible,  involves  fitting  a  function  that  accurately 
reproduces  the  observed  thermal  distribution.  Ideally,  the  theoretically  expected 
distribution  function  should  be  fitted  to  the  experimental  data.  For  a  point 
source,  this  function  is: 

T(r)  «  To  +  A/r  erfc  (Br) 

where  erfc(r)  is  the  conjugate  error  function  of  r,  and  A=q/4k  and  B  =  1/2  Vat 
The  parameter  To  is  initial  temperature,  q  is  heat  input  in  cal/s,  k  is  thermal 
conductivity  in  cal/cm.deg  and  a  is  thermal  diffusivity  in  cry's.  Unfortunately, 

1/r  erfc(r)  is  not  an  explicit  function  that  can  be  fitted  to  temperature  -  distance 
data.  We  have  found  that,  for  the  range  of  r  of  interest  in  our  experiments, 
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1/r  erfc(r)  can  be  accurately  represented  by  the  function: 

V/r  e  ~c(r) 

vhere  V  and  C  are  adjustable  parameters.  Figure  3  illustrates  the  accuracy  of  this 
function  for  values  taken  from  standard  tables,  over  the  range  r  =  0.1  to  r  =  2 

Obviously,  this  function  cannot  represent  real  data  at  small  values  of  r  since  it 
approaches  infinity  and  since  real  laser  beams  cannot  be  focused  to  an  infinitesimal 
spot  radius.  By  setting  r  «  rQ+r  the  simulant  function  can  accurately  represent 
real  temperature  distributions.  Figure  4  indicates  that  the  parameters  of  the 
simulant  function  can  be  adjusted  to  accurately  represent  an  experimentally  observed 
temperature  distribution.  An  iterative  Newton-Raphson  approximation  procedure  is 
used  to  fit  the  temperature  distribution  function  to  experimental  data. 

It  is  interesting  to  note  that  the  calculated  beam  radius  at  the  sanple,  for  our 
experimental  setup,  is  0.04  cm  and  the  spot  radius  measured  from  the  mark  left  by 
the  laser  beam  in  a  MAOOR  sample  is  approximately  0.06  cm.  The  values  rQ  obtained 
from  fitting  the  simulant  function  to  real  data  are  in  the  range  of  0.1+  .05cm. 

The  precision  achieved  by  using  the  equipment  and  procedures  described  here  are 
illustrated  by  the  thermal  rise  data  recorded  for  an  inert  sample,  shown  in 
Figure  5. 


Thermographic  monitoring  of  laser  ignition  ocrprises  a  powerful  experimental 
technique.  Implementation  of  this  technique  requires  careful  attention  to 
experimental  detail  and  data  handling  procedures. 

L&1 
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Fig.  1  Laser  ignition  system 

Fig.  2  System  display  showing  system  responses  in  the  horizontal  direction 

as  a  function  of  time,  vertical  axis 

Fig.  3  Simulant  function  v/r  e'c(r)  fitted  to  value  for  1/r  erfc(r)  taken 
from  standard  tables 

Fig.  4  Simulant  function  fitted  to  real  data  points  for  an  inert  laser 
heated  pellet 

Fig.  5  Thermal  rise  observed  for  an  inert,  FegOs/AlgC^  pellet 


ignition  system 


System  display  showing  system  response  (response  =  f  (T,s) 


_  ^  i —  <ni  ^  ^  — <  «■  -H**  ♦  di  >•  < 
^  ^  w-»  *-9  ir»io  V  ♦  ▼  «•»  r>  »*»  r*«  « 


!~SS§£* 

9»  «  ft  3  Jtf 

r  *•«<**•  *T  y% 

»£SS  * 


Similant  function  fitted  to  real  data  points  for  an  inert  laser  heated 


Distance,  cm 


i,  sec  x  1 0' 


Ronald  Ward,  Naresh  Thadhani,  and  Per-Anders  Persson 


CENTER  FOR  EXPLOSIVES  TECHNOLOGY  RESEARCH 
NEW  MEXICO  INSTITUTE  OF  MINING  AND  TECHNOLOGY 
SOCORRO,  NEW  MEXICO  87801 


for  publication  in  Proceedings  of 

INTERNATIONAL  SYMPOSIUM  ON  COMBUSTION  AND  PLASMA  SYNTHESIS  OF 
HIGH-TEMPERATURE  MATERIALS,  SAN  FRANCISCO,  OCTOBER  23-26,  1988. 


APPROVED  FOR  PUBLIC  RELEASE 
DISTRIBUTION  UNLIMITED 


12 


pages 


SHOCK-INDUCED  REACTION  SYNTHESIS  ASSISTED  PROCESSING  OF  CERAMICS 
Ronald  Ward,  Naresh  Thadhani,  and  Per-Anders  Persson 

Center  For  Explosives  Technology  Research 
New  Mexico  Institute  of  Mining  and  Technology 
Socorro,  New  Mexico  87801  (U.S.A.) 

KEY  WORDS :  shock  compaction  exothermic  reaction 

energy  localization  microscopic  analysis 

ABSTRACT 

Shock- induced  reaction  synthesis  (SRS)  is  used  to  assist  in 
the  consolidation  of  ceramic  powders  of  TiB2 ,  B4C,  SiC,  and  A1203+ 
B4C(A*B) .  The  passage  of  a  shock  wave  triggers  an  exothermic,  self- 
sustaining  reaction  between  elemental  powder  mixtures  of  Ti  and  B, 
and  Ti  and  C.  The  ceramic-bas^i  reaction  products  and  the  heat 
generated  aid  in  consolidation  of  otherwise  diff icult-to-compact 
ceramics.  Almost  crack-free  compacts  with  better  than  96%  density 
and  hardness  ~2000kg/mm2  (at  1000  g  load)  have  been  produced. 

1.  INTRODUCTION 

The  process  of  shock  compression  loading  places  a  material  in 
a  highly  unusual  combination  of  states.  Very  high  pressures  and 
significant  increases  in  temperatures,  achieved  in  few  microseconds 
can  cause  deformation  and  forced  relative  mass  motion  of  individual 
particles,  exposure  of  fresh  surfaces  and  cleansing  of  existing 
surfaces,  leading  to  interparticle  bonding.  Given  the  conditions  of 
this  process,  shock  compression  processing  can  be  used  to  fabricate 
new  materials  unattainable  by  conventional  processing  techniques. 
Various  processes  being  developed  that  utilize  these  concepts  are: 
dynamic  compaction  [1-2];  shock-induced  chemical  synthesis  [3-5]; 
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shock  enhanced  sintering  or  shock  conditioning  [6,7];  and  shock- 
induced  structural  transformations  [8-10]. 

In  this  work,  shock-induced  reaction  synthesis  (SRS)  was  used 
to  assist  in  the  consolidation  of  TiB2 ,  B4C,  Sic,  and  A*B  ceramics. 
The  SRS  technique  was  originally  developed  by  Akashi  and  Sawaoka 
[11]  for  consolidation  of  very  hard  and  otherwise  dif f icult-to-bond 
c-BN  powders.  The  basic  concept  of  the  SRS  technique  is  shown 
schematically  in  Figure  1.  Here,  elemental  reactants  1 C ’  and  ' D’ 
(e.g.,  Ti  and  B  or  Ti  and  C)  are  blended  in  different  proportions 
with  an  ,AXB'  inert  ceramic  powder,  and  subjected  to  shock  loading. 
The  passage  of  a  shock  wave  through  t.iis  porous  mixture  triggers  an 
exothermic  reaction  between  the  reactants  '  C'  and  'D'.  The  heat 
released  and  the  ceramic  binder  phase  provided  by  the  reaction 
product  'CyD*  help  in  consolidating  the  *AXB'  ceramic  powder. 

2.  EXEEBIMIAL  PPOCEPVPE 

In  the  present  work,  80-90,  volume  percent  of  inert  ceramic 
powder  (TiB2,  B4C,  Sic,  or  A1203*B4C)  was  mechanically  mixed  with 
10-20  volume  percent  of  an  exothermically  reacting  elemental 
mixture  of  Ti  and  B  or  Ti  and  C  (in  7:3  ratio)  powders.  The  mixing 
of  the  powders  was  conducted  in  an  inert  atmosphere  to  avoid 
oxidation  and  possible  hazardous  reactions  of  fir''  Ti  powder.  The 
twelve  capsule  Sawaoka  recovery  fixture  (Figure  2)  was  used  for 
performing  shock  processing  experiments.  The  detonation  of  the 
explosive  (PBX  9501),  initiated  by  a  conical  plane-wave  lens, 
accelerates  a  steel  flyer  plate  which  impacts  the  powders  at 
velocities  of  1000-3000  m/s  generating  15-100  GPa  peak  pressures. 
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The  powders  (packed  at  approximately  65%  density)  are  in  12  steel 
capsules  embedded  in  the  cavities  in  the  steel  fixture  backed  by 
another  momentum  trapping  plate.  The  ceramic  and  reactant  powder 
proportions,  respective  particle  sizes,  powder  mixture  packing 
densities,  and  impact  velocities  at  which  the  shock  experiments 
were  conducted  are  listed  in  Table  I.  The  elemental  powder  mixtures 
react  exothermically,  generating  heat  of  the  order  of  750-1000 
cal/gm.  After  shock  loading,  the  capsules  were  machined  to  recover 
12  mm  diameter  by  5  mm  thick  compacted  disks,  which  were 
subsequently  characterized  by  various  analytical  techniques. 


TABLE  I : STARTING  POWDER  CHARACTERISTICS  AND  EXPERIMENTAL  PARAMETERS 


CERAMIC 
INERT  (I) 

PARTICLE 
SIZE  (um) 

REACTANT* 
(R1+R2 ) 

VOL%  RATIO 
(I:R1:R2) 

PACKING 
DENSITY (%) 

IMPACT 
VEL  km/s 

TiB2 

4-6,  7-10 

Ti 

+ 

B 

90:7:3  & 

55  to 

1.3-2.37 

&  4-10 

80:14:6 

65% 

b4c 

2-14,  5-25 

Ti 

+ 

B 

90:7:3  & 

55  to 

1.3-2.37 

&  16-49 

Ti 

+ 

C 

80:14:6 

65% 

sic 

240,  320, 

Ti 

+ 

B 

90:7:3  & 

65% 

M 

• 

ON 

1 

H* 

• 

VO 

00 

400  &  600 

Ti 

+ 

C 

80:14:6 

mesh;  &  7um 

ai2o? 

-100  to  -325 

Ti 

+ 

B 

90:7:3  & 

65% 

1.6-1.98 

*b4c 

mesh,  2-49  um 

Ti 

+ 

C 

80:14:6 

*Ti  ( 5 

um) 

;  crystalline 

B(-325 

mesh) 

;  amorphous 

B ( 1  um) ;  C(- 

1 5  um )  . 

2+  RESULTS  AND  DISCUSSIONS 

3 . 1  Physical  characteristics  of  shock  processed  compacts 
Small  scale  compacts  of  TiB2 ,  B4C,  SiC,  and  (A*B)  were 
successfully  consolidated.  Representative  macrophotographs  of 
unpolished  surfaces  of  the  recovered  compacts  (impact  and  non¬ 
impact  surfaces)  of  the  four  ceramic  systems  are  shown  in  Figure  3. 

ml 
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The  major  crack  in  the  TiB2  compact  is  due  to  the  fracture  produced 
during  diamond  indentation  hardness  testing.  The  remaining  compacts 
have  some  circumf erential  cracks  along  the  periphery  or  very  fine 
radial  microcracks,  apart  from  which  they  are  virtually  crack-free. 
The  final  compact  densities  ranged  between  89-96%  for  TiB2 ,  90-97% 
for  B4C,  93-98.4%  for  SiC,  and  94-98%  for  A*B.  In  general,  the 
compact  density  increased  with  higher  impact  velocity,  with  larger 
ceramic  powder  particle  size,  and  with  an  higher  initial  powder 
packing  density.  Between  the  two  different  proportions  of  inert 
ceramic  and  reactant  powders  used,  the  80  volume  percent  ceramic 
and  20  volume  percent  reactant  yielded  better  compacts. 


Fig.  3.  Macrographs  of  impact  and  non- impact  surfaces  of  (a)  TiB2, 
(b)  B4C,  (c)  SiC,  and  (d)  A1203*B4C  compacts. 


This  was  due  to  a  better  mechanical  mixing  attained  with  a  larger 
amount  of  the  reactant  mixture.  Microhardness  measurements  were 
conducted  on  the  recovered  compacts  using  a  1000  g  load  which 
ensured  that  the  indentation  encompassed  more  than  one  powder 
particle.  The  microhardness  values  were  observed  to  be  affected 
most  severely  by  the  type  of  boron  powder.  In  the  TiB2  compacts 
using  crystalline  boron  instead  of  the  amorphous  boron,  the 
microhardness  values  increased  by  as  much  as  500  kg/mm2.  The 
optimum  density  and  microhardness  values  obtained  for  each  of  the 
shock  processed  ceramic  systems  are  as  follows:  TiB2  -  96%  dense 
and  1728  kg /mm2?  B 4C  -  97%  dense  and  2168  kg/mm2;  SiC  -  98%  dense 
and  1568  kg/mm2;  and  A*B  -  98%  dense  and  1387  kg/mm2. 

3 . 2  Microscopic  characterization  of  compacts 

Optical  and  scanning  electron  microscopy  were  used  to  (a) 
obtain  a  general  idea  of  the  different  features  of  bonding  in  the 
compacts  and  (b)  a  semi-qualitative  estimate  of  the  nature  of  the 
shock-induced  reaction  products.  Optical  micrographs  of  cross- 
sectional  surfaces  of  the  TiB2,  B4C,  SiC,  and  A1203*B4C  (A*B) 
compact  are  shown  in  Figure  4  (a) , (b) ,  (c)  and  (d)  ,  respectively. 
Intraparticle  cracking  is  observed  in  the  micrograph  of  the  TiB2 
compact  (Fig.  4(a)),  with  the  cracks  running  across  the  dark 
contrast  crystalline  boron  particles.  This  indicates  that  the  large 
boron  particles,  which  have  remained  unreacted,  bond  well  with  the 
matrix  ceramic  material.  The  clean  featureless  area  seen  in  this 
micrograph  (marked  'R')  is  evidence  of  a  reaction  region.  Spherical 
voids  (indicated  by  arrows)  formed  due  to  solidification  shrinkage 
of  the  reacted  and  melted  material  can  be  seen  in  the  reaction 
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region.  The  micrograph  in  Fig.  4(b)  reveals  different  aspects  of 
the  bonding  that  occur  in  the  case  of  the  B4C  compact.  The 
featureless  grey-contrast  regions  in  the  micrograph  (marked  'B') 
correspond  to  the  crystalline  boron  powder  particles.  The  small 
white  areas  (marked  • T * )  are  the  unreacted  Ti  (5  um)  particles.  The 
narrow  region  running  from  top  to  bottom  in  the  micrograph  (marked 
•R')  appears  to  be  a  reaction  area  containing  a  fine  dispersion  of 
unreacted  Ti  particles.  The  optical  micrograph  of  the  Sic  compact 
is  shown  in  Figure  4(c).  The  large  grey  particle  along  with  the 
other  grey  regions  in  the  micrograph  are  -325  mesh  SiC  particles. 


Fig.  4.  Optical  micrographs  of  cross-sectional  surfaces  of  (a)  TiB2, 
(b)B4C,  (c)  SiC,  and  (d)  A1203*B4C  compacts. 
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Some  of  the  Sic  particles  appear  to  have  been  fractured  during  the 
shock  loading  process.  The  white  contrast  regions  in  the  micrograph 
are  Ti  agglomerates  formed  upon  dynamic  consolidation  of  5  urn 
particles.  The  presence  of  a  spherical  void  in  the  Ti  agglomerate 
region  in  micrograph  (c)  indicates  partial  melting  of  the  Ti 
powders  leading  to  subsequent  welding  and  retention  of  shrinkage 
voids.  Although  the  real  dark  regions  in  the  micrograph  appear  to 
be  pores,  some  of  these  may  in  fact  correspond  to  very  fine  boron 
particles.  Excellent  bonding  between  the  powder  particles  was  also 
seen  in  the  case  of  the  A*B  compact.  The  micrograph  of  the  non¬ 
impact  surface  of  the  A*B  compact  is  shown  in  Figure  4(d).  The 
different  constituent  phases  (A1203 ,  B4C,  Ti  and  B)  can  be 
identified  in  this  micrograph  mainly  by  the  contrast  and  particle 
size.  In  this  compact,  1  urn  amorphous  boron  powder  (seen  as  fine, 
very  dark  precipitate-like)  and  5  urn  Ti  powder  (white  contrast 
regions)  were  used.  The  A1203  and  B4C  powders  had  an  average 
particle  size  of  40  um.  The  grey  regions  in  the  micrograph 
correspond  to  A1203  and  the  somewhat  darker  regions  are  B4C 
particles.  The  narrow  region  in  the  center  of  the  micrograph 
running  from  the  top  to  the  bottom  appears  to  be  a  reaction  region. 

SEM  and  EDX  were  also  conducted  on  each  of  the  four  shock 
processed  ceramic  systems.  Figures  5  (a)  to  (d)  and  6  (a)  to  (d) 
are  SEM  photographs  and  corresponding  EDX  analysis  results  obtained 
on  the  TiB2,  B4C,  Sic,  and  A*B  compacts,  respectively.  In  essence 
it  was  observed  that  some  of  the  reactant  constituents  remained 
unreacted.  Although,  elemental  bcron  could  not  be  detected  with  the 
EDX  machine,  the  retention  of  unreacted  Ti  was  confirmed  by  the 
presence  of  nitrogen  in  the  EDX  spectrums.  Nitrogen  in  the 
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unreacted  Ti  particles  is  due  to  its  adsorption  during  the  powder 
manufacturing  process.  During  shock  processing  nitrogen  is  retained 
in  the  unreacted  Ti  particles.  On  the  other  hand,  spectrums 
obtained  from  possible  reaction  regions  (marked  'R'  in  SEM  images 
do  not  reveal  any  trace  of  nitrogen.  This  may  be  because  of  loss  of 
nitrogen  during  the  reaction  between  Ti  and  B  or  C.  Based  on  this 
analysis,  it  was  deduced  that  in  the  case  of  the  TiB2  compact  (Fig. 
5(a)  and  6(a))  some  of  the  Ti  reacted  with  B  forming  a  TiB  compound 
(trace  (i)),  and  some  Ti  particles  remained  unreacted  (trace  (ii)). 
The  very  dark  regions  in  the  SEM  image  (Fig.  6(a))  correspond  to 
agglomerates  of  very  fine  amorphous  boron  powders.  In  the  B4C 
compact  (Fig.  5(b)  and  6(b))  a  Tic  reaction  region  was  also 
observed.  Here  Ti  appears  to  have  reacted  with  the  C  (trace  (ii)) 
from  B4C.  Some  unreacted  elemental  Ti  is  also  observed  (trace  (i). 
The  aluminum  peak  in  the  EDX  scan  in  Fig.  6(b)  is  due  to  the 
impurity  from  sample  polishing.  The  bottom  trace  (iii)  in  Fig.  6(b) 
corresponds  to  the  b4C  particles  in  the  matrix.  Ti  and  C  were  used 
as  the  reactants  for  consolidating  Sic  powder.  EDX  analysis  (Fig. 
6(c))  from  different  regions  in  the  SEM  micrograph  (Fig.  5(c))  show 
a  Tie  reaction  region  and  some  unreacted  Ti  powder  (trace  (i)).  In 
the  SEM  image  (Fig.  5(d))  of  the  A*B  mixture  compact,  a  reaction 
area  containing  Ti  and  B  was  observed  along  with  some  white 
contrast  unreacted  Ti  particles  as  shown  in  the  EDX  spectrum  in 
Fig.  6(d).  The  grey  regions  in  the  SEM  image  are  A1203  particles, 
as  confirmed  by  the  EDX  trace  (i)  in  Figure  6(d),  whereas  the  dark 
regions  in  the  SEM  image  are  B4C  particles  (trace  (ii)  in  Fig. 
6(d)).  The  EDX  scans  of  the  TiB  reaction  region  and  unreacted  Ti 
particles  are  shown  in  traces  (iii)  and  (iv)  in  Fig.  6(d). 
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Fig.  5.  SEM  photographs  showing  reacted  and  unreacted  regions  in 
(a)  TiB2;  (b)  B4C;  (c)  SiC;  and  (d)  A*B  compacts. 

It  was  evident  from  the  SEM  and  EDX  analysis  that  an 
insignificant  amount  of  Ti  and  B  had  remained  unreacted,  due  to  the 
improper  mixing  and  aglomeration  of  fine  powder  particles. 

4_s_  SUMMARY  QL  RESULTS 

Shock-induced  reaction  synthesis  (SRS)  is  used  to  assist  in 
the  consolidation  of  ceramic  powders  of  TiB2 ,  B4C,  Sic,  and  A*B . 
Almost  crack-free  compacts  of  these  ceramics  with  better  than  96% 
density  and  hardness  close  to  2000kg/mm2  (at  1000  g  load) ,  have 
been  produced  with  this  technique. 
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Fig.  6.  Energy  dispersive  x-ray  analysis  from  different  regions  of 
(a)  TiB,,  (b)  BaC,  (c)  SiC,  and  (d)  A*B  compacts  in  Fig.  5 
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ABSTRACT 

A  summary  assessment  of  directly  producing  relatively  dense 
ceramic  products  by  SPS/SHS  processes,  based  upon  evaluation  of 
basic  materials  phenomena,  SPS  and  other  ceramic  reaction  processing 
and  economics  seriously  questions  many  of  the  broad,  i.e.,  generic, 
advantages  claimed  for  SPS  processing.  However,  probable  economic 
advantages  for  some  composites  made  by  processing  using  mainly 
non-propagation  reactions  and  hot  pressing  is  indicated. 

KEY  WORDS 

Economic,  Economics  Microstructures,  and  Hot  Pressing 

I .  INTRODUCTION 

Reacting  powder  compact  constituents  to  directly  produce  a 
body  of  different  composition  from  the  starting  constituent  has  a 
substantial  history  and  future  in  ceramics.  Self-propagating  (high- 
temperature)  synthesis  (SPS  or  SHS)  ,  the  focus  of  this  paper, 
involves  reactions  that  are  sufficiently  exothermic  such  that  if  the 
reaction  is  initiated  in  some  area  of  the  compact  it  will,  under 
proper  conditions  propagate  as  a  narrow,  high-temperature  reaction 
zone  through  the  compact,  e.g.,  at  velocities  of  a  few 
mm/sec-cm/sec.  Broad  claims  of  unique  compositions  and 


microstructures  obtainable  in  a  diversity  of  materials,  sizes  and 
shapes  at  low  cost  have  been  made.  This  paper  summarizes  more 
detailed ^  evaluating  reaction  processing  experience  to  put  such 
processing  for  dense  ceramics  in  a  more  realistic  perspective. 

II.  GENERAL  CLAIMS  AND  BASIC  MATERIALS  BEHAVIOR 

The  basic  concept  of  directly  making  dense  ceramic  bodies  by 
SPS  has  been  to  form  and  ignite  a  reactant  compact  to  directly  yield 
a  final  product.  This  implies  great  versatility  in  size  and  shape, 
and  has  been  specifically  cited  as  a  very  energy  efficient  and, 
hence,  cost  effective  process  since  it  produces  its  own  temperature; 
potentially  implying  no  furnace  or  other  facilities  may  be 
necessary.  It  has  also  been  claimed  that  the  very  high  temperatures 
and  rapid  movement  of  the  reaction  front  with  resultant  local 
quenching,  can  yield  unique  compositions  and  microstructures. 

Unfortunately,  the  above  generic  claims  and  hopes  for  the 
process  are  not  particularly  consistent  with  intrinsic  or  extrinsic 
aspects  of  basic  material  and  processing  behavior.  Rice  and 
McDonough'  have  previously  pointed  out  that  SPS  is  associated  with 
intrinsic  increases  in  product  density  (which  generally  increases 
with  increasing  reaction  energy  release);  i.e.,  the  product  has  a 
smaller  intrinsic  volume  than  that  of  the  reactants.  Thus,  even  in 
a  fully  dense  compact,  reactions  generate  porosity  (e.g.,  20%  or 
more)  which  must  be  eliminated  during  or  following  the  reaction.  In 
view  of  sintering  kinetics  typically  being  much  slower  than  reaction 
kinetics,  Rice  and  McDonough'  '  and  subsequently  Munir'  '  observed 
that  substantial  external  pressure  will  commonly  be  required  to 
yield  dense  products,  restricting  sizes  and,  especially,  shapes  and 


to  some  extent  costs  (discussed  later) .  Extrinsic  limitations  also 
arise,  especially  from  outgassing  due  to  boiling  adsorbed  species 
off  the  surface  reactant  particles,  again  indicating  the  need  for 
externally  applied  pressure.  The  potential  for  novel  compositions 
and  microstructures  from  SPS  is  limited  in  dense  ceramic  bodies  by 
transport  processes  necessary  for  densif ication. 


III.  COMPARISON  WITH  OTHER  CERAMIC  REACTION  PROCESSING 

A  variety  of  other  ceramic  processing  reactions  provide 
valuable  insights  to  both  constraints  and  opportunities  for  SPS. 
Thus,  reaction  of  Si  with  C  to  give  Sic  (which  can,  over  a 
considerable  range  of  solid  Si  and  C  particulate  and  compact 
characteristics,  be  self-propagating)  is  used  industrially  in  a 
non-SPS  mode  to  give  nearly  fully  dense  bodies  by  infiltrating 
molten  Si  to  compacts  of  sic  (or  alternatively  other  materials  such 
as  B^C)  and  carbon  powders.  The  substantial  reduction  in  volume 
(~35%)  in  forming  SiC  is  counteracted  not  by  pressure,  but  by: 

1)  significant  dilution  of  the  overall  reaction  (an  approach  which 
will  often  be  important  in  making  SPS  processing  more  practical) ; 

2)  the  compact  typically  being  in  contact  with  the  molten  Si  so,  as 
molten  Si  within  the  body  reacts  with  the  C  to  form  Sic,  additional 
Si  can  be  wicked  into  volume  left  by  reacted  Si;  and  3)  Si  being  one 
of  the  few  materials  having  a  lower  solid  than  liquid  density  (i.e., 
solid  Si  floats  on  liquid  Si  similar  to  H20,  so  solidifying  Si  can 
either  fill  remaining  void  spaces  or  if  the  process  is  carried  out 
right,  actually  squeeze  residual  Si  out  of  the  body) .  That  both  a 
molten  Si  reservoir  is  beneficial  to  high  densities  and  reaction 
volume  changes  can  be  a  serious  problem  as  shown  by  Telly  and 
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Petzow's'  '  work  on  densxfying  B4C  with  Sx.  While  near  theoretical 
densities  could  be  achieved  by  hot  pressing,  sintering  typically 
yielded  bodies  with  15%  or  more  porosity,  apparently  due  to 
intrinsic  volume  changes  direction  from  reaction  and  from  wetting 
changes  of  the  solid  by  the  molten  phase,  as  well  as  volatilization 
of  Si . 

A  more  recent  process  for  producing  relatively  dense  ceramic 
composites  by  reaction  of  B4C  with  molten  Al,  again  involves 
exothermic  reactions  and  resultant  intrinsic  generation  of 
porosity.  v  '  In  earlier  work  it  was  found  necessary  to  apply 
pressure  to  accelerate  densif ication  faster  than  the  kinetics  of 
phase  transformation  which  is  the  major  hindrance  to  rearrangement 
during  "pressureless  sintering".  However,  subsequent  work  reports 
full  densif ‘.cation  by  pressureless  infiltration  of  molten  Al  due 
apparently  to:  1)  wicking  of  more  molten  Al  from  the  reservoir  into 
the  body  to  compensate  for  the  ~20%  volume  decrease  on  reaction,  as 
well  as  the  retention  of  residual  Al  in  the  final  product;  and  2) 
significantly  reducing  the  rate  of  reaction  of  the  molten  Al  with 

the  B.C. 
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A  major  development  in  reaction  processing  of  ceramics  from 
molten  metals  has  been  the  development  of  the  Lanxide  process, ^ 
apparently  entailing  wicking  of  molten  metal  through  fine  channels 
in  the  reaction  product  to  the  reaction  front,  resulting  in 
controlled  product  growth.  Again,  a  key  to  the  high  density  of  the 
resultant  product  appears  to  be  both  the  slow,  very  controlled 
nature  of  the  reaction  (orders  of  magnitude  slower  than  SPS 
reactions),  as  well  as  the  retention  of  some  residual  metal. 


Partially  related  to  the  above  reaction  processing  to  form  Sic 
is  the  reaction  sintering  (or  bonding)  of  Si3N4,  as  well  as  more 
recent  limited  work  on  Si2ON2.  The  key  to  successful  processing  of 
Si3N4  from  Si  metal  powder  and  a  nitrogen  source,  e.g. ,  N2  (usually 
with  some  H2)  or  NH3 ,  is  the  opposite  of  its  possibilities  as  a  SPS 
reaction,  i.e.,  a  very  slow  and  controlled  reaction  rate  to  allow 
the  internal  transport  necessary  for  this  somewhat  unique  process  to 
be  successful.  This  reaction  provides  considerable  information  on 
microstructural  aspects  of  the  processing  that  may  be  pertinent  to 
SPS  processing  of  Si3N4,  as  well  as  related  materials. 

Another  related  and  important  example  is  rscent  reaction 
processing  of  zirconia-toughened  ceramics.  Processing  of 
zirconia-toughened  mullite  composites  by  in-situ  reaction  of  zircon 
(the  lowest  cost  source  of  Zr02 )  and  A1203  shows  achieving  fully 
dense  bodies  depends  upon  two  key  factors:  1)  achieving  most 
densif ication  before  the  reaction  commences,  i.e.,  use  of  fine 

-3  _4 

reactant  particles  since  densif ication  rates  vary  as  D  to  D  (D  = 
.  —1  -2 

particle  size)  vs.  D  to  D  for  reaction  rates;  and  2)  use  of 
undissociated  as  opposed  to  dissociated  ZrSi04  to  avoid  formation  of 
free  Si02  before  mullite  formation  and  volume  change  problems 
accompanying  phase  changes.  The  importance  of  1)  is  shown  by 
attempts  to  reaction  process  f osterite-Zr02  composites.  The 
reaction  could  not  be  prevented  from  occurring  simultaneously  with 
densif ication,  yielding  ~60 %  of  theoretical  density  by  sintering 
alone  (but  high  densities  by  hot  pressing) . 

Dense  roullite-BN  particulate  composites  have  been  made  by  hot 
pressing  and  in-situ  reactions  of  Si3N4,  B2C>3,  and  A12C>3  and  by 
Coblenz'  yielding  composites  superior  to  those  hot  pressed  from 
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mixtures  of  mullite  and  BN  powder.  It  is  not  all  clear  that  these 
composites  can  be  sintered  before,  during,  or  after  the  reaction 
despite  their  non-SPS  character. 

The  overall  lessons  from  other  ceramic  reaction  processing 
are:  1)  reaction  processing  is  often  favorable  to  making  composites, 
and  at  low  to  moderate  cost;  2)  low  reaction  rates  are  typically 
important  to  densification  by  sintering,  otherwise  hot  pressing  (or 
HIPing)  is  generally  necessary;  3)  large  reaction  volume  changes  are 
typically  a  serious  problem,  but  may  be  accommodated  by  hot 
pressing,  or  with  molten  metals,  use  of  a  liquid  reservoir  to  allow 
continued  wicking  into  the  reacting  body;  and  4)  microstructure  of 
the  reacting  compact  can  be  quite  important. 


IV.  CERAMIC  SPS  EXPERIENCE 

Although  limited,  some  key  evaluations  of  ceramic 
microstructures  and  compositions  in  dense  bodies  produced  by  SPS 
reactions  are  now  becoming  available.  A  recent  study,  as  well  as 
evaluation  of  the  literature'  ,  shows  that  SPS  processing  of  Tic 
and  TiB2  generally  produced  similar  but  somewhat  coarser  grains  than 
conventional  processing  of  similar  density  bodies.  SPS  processing 
of  Tie  +  TiB2  composites  significantly  reduces  the  product  grain 
size,  but  again  with  no  clear  evidence  that  resultant  grains 
structures  are  finer  than  those  produced  by  conventional  processing, 

e.g. ,  hot  pressing,  of  Tic  +  TiB2. 
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Work  by  Cameron,  et  al,  '  comparing  dense,  hot  pressed  bodies 
of  various  oxide,  carbide,  or  oxide-  boride  composites  made  by  hot 
pressing  compacts  consisting  of  either:  1)  ingredients  to  form  the 
resultant  composite  by  in-situ  reaction  mostly  by  SPS;  or  2)  a 
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mixture  of  the  composite  constituents  to  yield  as  nearly  identical 
composites  as  possible.  Evaluation  of  microstructures  and  physical 
properties  of  the  four  different  composites  showed  no  generic 
advantage  to  either  processing  approach.  In  some  cases,  finer 
microstructures  were  achieved  by  SPS  processing,  while  in  other 
cases  finer  microstructures  were  achieved  by  conventionally  hot 
pressing  the  resultant  composite  constituents.  Overall  physical 
properties  were  similar  for  both  types  of  processing,  with  some 
composites  made  by  SPS  showing  possible  advantages  or  disadvantages 
as  did  those  made  by  conventional  hot  pressing.  A  key  observation 
was  that  in  scaling  up  reactions  (e.g.  ,  to  ~>8  cm  diameter)  SPS 
reactions  left  various  shaped  cavities  (depending  upon  the  direction 
of  reaction  propagation)  in  the  reacting  bodies  and  resultant 
densif ication  irregularities  and  difficulties. 


V.  ECONOMICS  AND  OTHER  PRACTICAL  FACTORS 

The  low  cost  claims  for  SPS  processing  based  on  energy 
considerations  are  readily  seen  to  be  at  best  on  shaky  grounds. 
First,  the  direct  energy  cost  of  either  sintering  (e.g. ,  oxide 
ceramics)  or  hot  pressing  (e.g.,  non-oxide  ceramics)  is  typically 
less  than  5%  of  the  resultant  selling  price,  thus  eliminating  the 
"fuel  bill"  for  processing  ceramics,  results  in  little  economy. 
Further,  an  inherently  counterproductive  trade-off  can  be  seen  in 
that  the  reactions  that  typically  produce  the  most  heat,  hence 
implying  the  greatest  freedom  from  external  energy  requirements, 
typically  involve  elements  which  are  more  energy  consuming  (and 
hence  typically  more  expensive)  in  winning  them  from  their  ores. 
Further,  elimination  of  heating  facilities  and  possibly  some  floor 
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space  by  eliminating  heating  rates  is  probably  unrealistic,  since 
even  moderate  scale  up,  e.g.,  to  ~4  cm  in  diameter,  shows  that  the 
absence  of  any  heating  frequently  results  in  thermal  shock  cracking 
of  the  body  on  cooling,  especially  with  hot  pressing  as  commonly 
required. 

There  does,  however,  appear  to  be  some  potential  economic 
advantage  to  at  least  some  aspect  of  SPS  processing,  namely 
processing  composites  from  low  cost  raw  materials.  While  expensive 
elements  such  as  Ti  and,  especially,  B  need  to  be  avoided,  a  variety 
of  oxide-non-oxide  composites  can  be  made  from  ingredients  such  as 
Al ,  Ti02 ,  B2C>3  and  C,  which  are  less  expensive  than  the  average  cost 
of  resultant  composite  constituents,  e.g.,  Al203  +  Tic,  Al2C>3  + 
TiB2. 

VI.  SUMMARY  AND  CONCLUSIONS 

A  brief  review  of  basic  materials  behavior,  other  reaction 
processing,  as  well  as  recent  SPS  processing,  of  ceramics  leads  to 
the  following  general  conclusions: 

1.  Substantial  intrinsic  volume  reductions  of  SPS  reactions 
will  commonly  require  application  of  external  pressure  for 
densif ication. 

2.  Unique  compositions  and  microstructures  are  unlikely  in 
dense  bodies  due  to  the  diffusional  changes  typically  needed  to 
achieve  high  densities. 

3.  Claimed  low  costs  due  to  energy  efficiency  are 
misleading,  since  a)  direct  energy  costs  of  making  ceramics  are  a 
small  portion  of  their  final  cost,  and  b)  both  external 
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pressurization  and  cooling  control,  e.g.,  heating,  are  likely  to  be 
required  to  achieve  quality  dense  products. 

4.  SPS  processing  does  appear  to  offer  useful  opportunities 
for  making  various  ceramic  composites.  Although  there  appears  to  be 
no  generic  advantage  to  some  composites,  there  may  be  special 
advantages  in  certain  composite  systems.  A  broader  advantage 
appears  to  be  the  opportunity  of  making  useful  composites  from 
cheaper  raw  materials. 

5.  Production  of  dense  ceramic  composites  by  both  SPS  and 
non-SPS  reactions  strongly  suggests  that  weakly  or  more  likely 
non-propagating  reactions  are  desired  in  order  to  achieve  better, 


more  homogeneous  densif ication  by  hot  pressing  or  sintering  to 
nearly  full  densif ication  before  reaction  commences.  This  does  not 
preclude  possible  use  of  a  variety  of  SPS  reactions,  since 
frequently  microstructural  control  of  the  reactant  compact  via 
particle  size,  density  control,  as  well  as  dilution  with  the  product 


can  frequently  make  them  sufficiently  non-propagating  to  be  more 


useful . 
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ABSTRACT 

A  process  whereby  full  density,  monolithic  ceramic  materials  are  fabricated 
is  described.  This  method  utilizes  combustion  synthesis  to  convert  elemental 
powders  into  hot,  porous  ceramics  which  are  then  compacted  to  high  density  by 
a  pressure  wave  produced  by  a  high  explosive.  This  technique  has  been  used  to 
produce  TiC  and  TiB2  at  greater  than  98%  of  theoretical  density. 

1.  INTRODUCTION 

High-technology,  structural  ceramics  are  becoming  utilized  in  an  ever  larger 
range  of  applications  which  require  light-weight,  high-temperature,  high  perfor¬ 
mance  materials.  These  ceramics  are  typically  the  borides,  carbides,  nitrides, 
and  oxides  of  a  variety  of  metals  and  are  fabricated  in  such  a  way  as  to  elimi¬ 
nate  most  of  the  porosity  and  impurities  from  the  bulk.  Commercial  processing 
of  these  materials  is  generally  done  by  hot  pressing  or  hot  isostatic  pressing. 
Both  of  these  methods  require  expensive  starting  materials,  are  very  energy, 
labor,  and  capital  intensive  and  so  result  in  very  high  final  product  costs. 

Ceramic  materials  can  also  be  produced  by  Self-Propagating  High-Temperature 
Synthesis  (SHS).  This  process  involves  combustion  synthesis  reactions  between 
component  powders;  reactions  which  are  characterized  by  high  exothermicities, 
reaction  temperatures  of  about  3000  C,  and  reaction  front  velocities  on  the  order 
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of  a  few  centimeters  per  second.  The  powder  mixtures  can  be  ignited  with  very 
small  amounts  of  energy  after  which  the  released  heat  sustains  further  reaction 
until  the  whole  sample  has  been  synthesized.  The  advantages  and  drawbacks  of 
fabrication  by  SHS  are  well  documented  by  Frankhousei 1  who  has  compiled  a  com¬ 
prehensive  listing  of  the  early  work  in  the  Soviet  Union  in  this  area  and  Munir2, 
who  has  written  an  excellent,  recent,  review  article. 

There  are  a  number  of  causes  for  porosity  in  combustion  reacted  samples, 
the  major  ones  being  impurity  evolution  and  the  difference  in  the  specific 
volumes  of  precursor  powder  compact  and  reacted  ceramic  product.  In  the  absence 
of  significant  liquid  phase  in  the  product,  it  is  necessary  to  use  external 
pressure  after  the  synthesis  reaction  is  complete  to  achieve  full  density.  At 
the  Ballistic  Research  Laboratory  (BRL),  a  processing  method  has  been  developed 
which  utilizes  the  SHS  reaction  to  form  porous  ceramic  bodies  which,  while  still 
hot,  are  compacted  to  high  density  by  explosively  generated  pressure  waves.  This 
SHS/Explosive  or  Dynamic  Compaction  process  will  be  called  SHS/DC  henceforth. 
No  external  heat  is  applied  to  the  system  and  the  fixture  in  which  both  the 
reaction  and  compaction  take  place  is  made  of  relatively  common,  inexpensive 
materials.  A  detailed  description  of  this  work  is  given  by  Niiler  et  al.3 

2.  EXPERIMENTAL  PROCEDURE 

The  green  compact  of  the  mixed  component  powders  was  placed  in  the  fixture 
shown  in  Figure  1.  This  arrangement  served  to  contain  the  sample  during  reaction 
and  compaction,  allowed  any  volatile  gases  to  escape  during  the  reaction,  pro¬ 
vided  a  degree  of  insulation  for  the  hot  sample,  and  served  to  prevent  impurities 
from  diffusing  into  the  hot  reacted  sample.  Once  the  SHS  reaction  is  complete, 
the  explosive  is  initiated  by  a  linewave  generator  resulting  in  a  sweeping  shock 
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wave  and  grazing  incidence  compaction.  The  heat  from  the  reaction  not  only 
propagates  the  reaction  through  the  whole  sample,  but  also  heats  the  sample  to 
temperatures  in  excess  of  2000  C.  Experiments  done  on  samples  reacted  in  con¬ 
tainment  fixtures  as  described  above  show  temperatures  in  excess  of  1200  C  for 
at  least  one  minute,  allowing  an  extended  time  window  during  which  the  compaction 
pulse  can  be  initiated. 

The  experiments  reported  here  consisted  of  investigating  the  effects  on 
final  product  density  and  hardness  on  the  explosive  charge  thickness  (measured 
in  terms  of  charge  mass  to  compression  plate  mass  c/m)  and  lateral  dimension 
scaling.  Most  samples  were  1.2  cm  thick  with  diameters  of  5.0  cm,  10.0  cm,  and 
15.0  cm  but  several  15.0  cm  TiB2  discs  were  2.1  cm  thick.  Only  -325  mesh  tita¬ 
nium  powder  with  a  99+%  specified  purity  was  used.  The  boron  powder  was  crys¬ 
talline  -325  mesh,  99.5%  specified  purity  and  the  carbon  was  90.5%  pure,  .05 
micron  carbon  black. 

3.  RESULTS  AND  DISCUSSION 

The  highest  density,  as  a  percentage  of  full  theoretical  density  (TD) ,  and 
microhardness  results  for  the  various  sizes  of  samples  that  have  been  made  by 
SHS/DC  are  summarized  in  Table  1.  Commercial  hot  pressed  materials  are  also 
included  for  comparison.  As  expected,  a  strong  dependence  was  found  between 
the  density  and  c/m  with  larger  c/m  resulting  in  a  denser  product,  up  to  a  point. 
At  values  of  c/m  beyond  that  point,  the  density  was  reduced  while  increased 
fracturing  and  delamination  indicated  more  edge  effects  and  stronger  rarefaction 
waves  from  the  shock.  The  maximum  Ti B2  density  of  99+%  was  reached  at  c/m-0.22 
while  for  TiC,  the  maximum  of  about  98%  was  reached  at  c/m-0.44. 
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Table  1.  TIC  and  T1B2  Results 


Material 


Dimensions 
(dia  x  thk) 


Density 
(%  of  TD) 


C/M  Hardness 
HK(100g) 
(kg/mnr) 


TiC 

5cm  x  1.3cm 

98+ 

TiC 

5cm  x  2.5cm 

90 

TiC 

10cm  x  1.3cm 

90 

TiC 

15cm  x  1.3cm 

90 

TiC 

Commercial  Hot  Pressed 

98+ 

.44  2000 

.22  1400 

.16  1500 

.16  1500 

2500 


TiB2 

5cm  x  1.3cm 

99+ 

TiB2 

10cm  x  1.3cm 

92 

T  i  B2 

15cm  x  1.3cm 

99+ 

T  i  Bz 

15cm  x  2.1cm 

98+ 

T  i  B2 

Commercial  Hot  Pressed 

98+ 

.22  3200 
.16  2000 
.22  3200 
.44 

3300 


The  requirement  of  a  higher  c/m  for  TiC  indicates  that  it  is  harder  to  com¬ 
pact  than  the  TiB2.  At  1800  C,  the  compressive  yield  strength  of  TiC  is  50  MPa'1 
while  that  of  TiB2  is  441  MPa.5  Thus  if  yield  strength,  or  plasticity,  were  the 
only  factor  involved  in  compactabil ity,  TiC  should  compact  more  easily  than 
TiB2.  Since  it  does  not,  another  mechanism  must  be  invoked  to  explain  the  dif¬ 
ference.  This  other  mechanism,  it  is  speculated,  is  that  the  T i B2  melting  point 
of  2800  C  was  exceeded.  Continuing  the  speculation,  melting  did  not  occur  in 
TiC  because  its  melting  point,  3150  C,  was  not  reached  even  with  the  additional 
energy  provided  by  the  shock.  Thus,  Ti B2  compacted  more  easily  than  TiC  because 
it  contained  at  least  some  liquid  phase  while  the  TiC  did  not. 

This  hypothesis  about  the  TiB2  melting  is  supported  by  the  backscatter  SEM 
micrographs  of  polished  surfaces  of  the  Ti B2  and  TiC  samples  prepared  by  SHS/DC 
shown  in  Fig.  2.  The  TiB2  surface  shows  grain  shapes  which  are  consistent  with 
a  section  cut  through  randomly  oriented,  hexagonal  single  crystal  grains.  This 
single  crystal  formation  could  only  occur  during  cool-down  from  a  liquid  phase 
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of  TiB2.  Figure  2a  and  similar  micrographs  of  reacted  but  uncompacted  T i B2  indi¬ 
cate  that  melting  temperatures  were  reached  in  parts  of  the  sample  during  the 
reaction  and  throughout  the  whole  sample  when  the  energy  from  the  shock  was  added 
to  the  reaction  heat.  On  the  other  hand,  the  TiC  surface  shows  no  evidence  of 
grain  shapes  that  might  be  associated  with  a  cut  through  randomly  oriented  face 
centered  cubic  single  crystals.  Rather,  the  morphology  of  TiC  surface  resembles 
squeeze  packing  of  plastic  grains,  a  structure  which  is  consistent  with  the  TiC 
grains  being  plastic  but  at  temperatures  below  its  melting  point. 

X-ray  analysis  of  these  surfaces  shows  an  average  concentration  of  iron  at 
about  2  wt%.  An  x-ray  map,  however,  shows  that  all  of  this  iron  is  in  the  grain 
boundaries  with  none  in  the  grains.  An  analysis  of  both  the  titanium  and  boron 
precursor  powders  by  Inductively  Coupled  Argon  Plasma  Spectroscopy  shows  that 
both  contain  about  3  wt%  of  iron  impurity.  Thus,  the  source  of  the  grain  boun¬ 
dary  iron  is  shown  to  be  the  precursor  powder  contamination  at  a  level  several 
orders  of  magnitude  greater  than  allowed  by  the  manufacturer's  purity  specifi¬ 
cation.  X-ray  diffraction  of  a  TiB2  sample  shows  all  the  peaks  from  Ti B2  along 
with  several  small  peaks  due  to  Fe2B  and  Fe.  Although  these  x-ray  diffraction 
data  indicate  the  presence  of  iron,  the  3  wt%  iron  shown  to  exist  in  the  precur¬ 
sor  powders  cannot  be  quantitatively  verified.  X-ray  diffraction  of  the  analyzed 
TiC  sample  identifies  the  presence  of  only  TiC,  the  absence  of  iron  explained 
by  the  fact  that  a  different  batch  of  titanium  powder  was  used  in  preparing  this 
sample. 

The  capability  to  upscale  the  size  of  samples  produced  by  the  SHS/DC  method 
was  tested.  Ti Bz  samples  with  diameters  of  5.0  cm,  10.0  cm,  and  15.0  cm  were 
made  keeping  all  parameters  except  the  diameter  constant.  Good  results  were 
obtained  with  all  these  sizes  and  the  densities  of  the  central  test  cores  from 
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the  larger  samples  were  higher  than  for  the  smaller  samples.  It  is  felt  that 
because  of  a  reduced  surface  to  volume  ratio,  the  increased  size  improves  heat 
retention  and  thus  plasticity  at  the  sample  center. 

Knoop  microhardness  test  results  on  a  representative  set  of  SHS/DC  TiC  and 
Ti Bz  samples  for  both  100  gm  and  400  gm  loads  are  shown  in  Figure  3.  For  com¬ 
parison,  results  on  commercially  available,  hot-pressed  TiC  and  TiB2  are  also 
shown.  As  can  be  seen,  the  microhardness  clearly  improves  with  density  for  both 
TiC  and  TiB2.  However,  whereas  the  highest  density  SHS/DC  Ti B2  has  a  value 
comparable  to  the  equivalent  hot-pressed  sample,  this  is  not  the  case  for  TiC. 
The  reason  for  the  lower  values  for  the  SHS/DC  TiC  is  not  clear.  The  possibi¬ 
lities  are  poor  grain  bonding  because  of  some  intergrain  iron,  the  presence  of 
the  remaining  2%  of  porosity  or  carbon  vacancies  in  the  crystal  lattice  caused 
by  the  substoichiometric  Ti:C  ratio  of  1 : .8  that  has  been  used  in  these  experi¬ 
ments.  These  data  also  show  significant  differences  between  the  100  gm  and  400 
gm  loads.  This  indicates  the  importance  of  making  microhardness  measurements 
at  a  high  enough  load  so  that  grain  boundaries  and  not  only  the  single  grains 
are  involved. 

The  high  cost  of  ceramics  such  as  TiC  and  TiB2  has  been  a  significant  de¬ 
terrent  to  their  widespread  use  in  large  quantity.  Their  current  price  of  more 
than  $90/kg  would  have  to  drop  to  less  than  S 2 5/ kg  to  be  widely  used.  A  model 
developed  by  Frankhouser6  was  used  to  estimate  the  costs  of  producing  TiC  and 
TiB2  by  the  SHS/DC  method.  If  a  reduction  in  materials  cost  from  a  combination 
of  experience  curve  reductions  and  some  new  technologies  for  producing  clean 
boron  powders  are  assumed,  then  the  estimates  show  costs  of  both  TiB2  and  TiC 
could  drop  to  the  desired  range. 
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LIST  OF  FIGURES 

1.  A  schematic  diagram  of  the  reaction,  shock  compaction  assembly  showing 
the  sample,  container  and  the  explosive  charge. 

2.  Polished  surface  of  99+%  dense  TiBz  on  the  left,  and  of  98+%  dense  TiC 
on  the  right,  both  made  by  SHS/DC.  The  brighter  phase  in  the  grain  boundaries 
contains  iron. 

3.  Knoop  microhardnesses  at  lOOg  and  400g  loads  vs.  density  for  SHS/DC  TiC 
and  TiBz.  Values  for  hot-pressed  TiC  and  TiBz  are  shown  also  for  comparison. 
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We  report  measurements  of  the  speed  of  the  combustion  front  in  the 
self-sustaining  high  temperature  synthesis  (SHS)  of  Si 3N4  under  high 
nitrogen  pressure.  We  performed  replicate  experiments  at  two  pressures, 
10  and  100  MPa  with  dilutions  of  25,  35,  and  50  weight  percent 
Si 2^4 *  Porosities  of  the  starting  material  ranged  from  0.59  to  0.66. 
Combustion  speed  was  measured  by  detecting  the  melting  of  .04  mm  diameter 
copper  wires  imbedded  along  the  75  mm  long  sample.  At  10  MPa,  the 
combustion  speed  is  linear  with  weight  per  cent  dilution  by  Si 3N4 ,  in 
good  agreement  with  Mukas'yan,  et.al.1  At  100  MPa,  the  speed  has  a 
maximum  near  a  dilution  of  about  40  w/%.  We  attribute  this  to  the 
balance  between  the  excess  heat  generated  in  the  combustion  zone 
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and  the  heat  lost  by  convection  and  conduction  in  the  dense  nitrogen.  At 
10  MPa  there  is  adequate  excess  heat  at  all  dilutions  to  drive  the 
combustion  wave.  However,  at  100  MPa,  the  heat  loss  owing  to  convection 
competes  with  the  heat  generated  by  Si  combustion.  As  the  amount  of 
silicon  available  for  reaction  decreases  with  increasing  dilution,  the 
net  heat  energy  to  drive  the  combustion  wave  decreases,  and  the 
combustion  speed  is  slower. 


INTRODUCTION 

Recent  results  presented  by  Mukas'yan,  et.  al.1  on  the  combustion 
of  silicon  in  high  pressure  nitrogen  show  a  strong  dependence  of  the 
combustion  speed,  uc>  on  the  dilution  of  the  silicon  with  silicon 
nitride,  a,  while  the  combustion  temperature,  T  ,  remains  constant. 

This  is  unexpected  in  the  context  of  most  solid-gas  self-sustaining 
combustion,  in  which  Tc  decreases  with  dilution  by  an  inert  compound  or 
by  the  combustion  product.  Mukas'yan,  et.al.  explain  this  effect  by 
considering  the  melting  of  the  pure  Si  and  the  dissociation  of  the 
Si 2^.  When  the  temperature  in  the  thermal  wave  ahead  of  the 
combustion  zone  reaches  1707  K,  the  Si  melts  and  flows  in  the  porosity 
around  the  Si^N^,  increasing  substantially  the  surface  area  of  the 
unreacted  Si.  At  about  2200K  an  equilibrium  is  established  between  the 
heat  generated  by  the  Si-N  reaction,  and  the  heat  lost  in  dissociation 
and  by  transfer  to  the  rest  of  the  system.  This  thermal  balance  in  the 
combustion  zone  results  in  a  relatively  constant  T  .  The  increase  in 
the  combustion  speed,  uc,  owes  to  the  increase  in  surface  to  volume  of 
the  pure  Si  component  as  the  volume  fraction  of  Si^N^  increases.  At 

5o\ 


-3- 


high  values  of  a,  there  is  relatively  less  Si  between  the  Si^ 
particles.  When  the  Si  melts,  the  typical  volume  that  must  be  reacted, 
ie.,  the  volume  of  the  molten  Si  in  the  porosity  of  the  Si^, 
becomes  smaller  and  the  surface  to  volume  ratio  larger.  This  faster 
reaction  generates  heat  at  a  higher  rate  and  increases  the  thermal 
gradient,  resulting  in  a  larger  uc-  Mukas'yan,  et.  al.1  report 
temperature  and  combustion  speed  measurements  to  12  MPa  (1700  Psi)  using 
one  apparatus  and  comoustion  in  another  to  200  MPa  (28000  Psi). 

We  undertook  this  work  as  an  initial  step  in  a  program  to  provide 
data  that  are  useful  in  establishing  the  phenomenology  of  solid-gas, 
self-sustained  high  temperature  synthesis  (SHS)  and  in  providing  data  for 
input  and  for  tests  of  models.  We  report  here  combustion  speeds  of  Si  in 
N2  as  a  function  of  pressures  to  150  MPa  and  dilution  by 
a-Si3N4  of  25,  35,  and  50  weight  percent. 

EXPERIMENTAL  AND  RESULTS 

Samples  were  formed  by  stacking  7  to  10  disks  19  mm  dia  by  7  mm 

thick,  made  from  a  mixture  of  2  micron  Si  and  3  micron  a-Si^N^. 

The  speed  of  the  combustion  front  was  measured  by  detecting  the  melting 
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of  a  0.038  mm  Cu  wire  placed  between  each  disk. 

The  experimental  matrix  and  a  summary  of  the  results  are  in  Table  I. 
The  fully-burned  samples  showed  distinct  differences  in  appearance, 
depending  on  the  pressure.  Regions  of  nearly-compl ete  conversion  to 
B-Si^N^,  as  determined  by  x-ray  diffraction,  appeared  white  to 
greyish-white,  while  those  with  substantial  fractions  of  unreacted 
starting  material,  a-Si3N4  +  Si,  appeared  grey.  The  results  of  the 
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x-ray  diffraction  for  starting  pressures  near  10  MPa  are  shown  in  Figure 
1.  The  conversion  from  the  Si  +  a-Si^  mixture  to  the  product, 
fi-S i 2^4 .  was  substantially  complete  throughout  most  of  the  sample 
except  for  the  case  a  =  0.25,  for  which  there  remained  a  considerable 
amount  of  the  original  a-Si^N^.  At  the  surface  of  the  cylinder, 
there  was  less  complete  reaction,  with  only  partial  conversion  of  the  Si 
and  a-Si3N4  to  3-Si 3N4 . 

As  seen  in  Figure  2,  this  was  not  the  case  for  experiments  with 
starting  pressures  near  100  MPa.  Internally,  the  conversion  of  the 
Si  +  a-Si3N4  mixture  to  3-Si ^N4  was  above  901.  However,  in  a 
shell  1-2  mm  thick  at  the  surface  of  the  cylinder,  the  color  of  the 
product  indicated  a  composition  gradient,  with  x-ray  analysis  of  material 
at  the  surface  showing  almost  no  reaction. 

Data  for  the  burning  speed  vs.  weight  per  cent  dilution  with  S i ^N4  are 
shown  in  Figure  3  and  listed  in  Table  1.  The  curves  drawn  through  the 
data  are  guides  to  the  eye. 

DISCUSSION 

A.  Nitrogen  density 

In  SHS  the  reaction  rate  must  be  fast  enough  so  that  the  exothermic 
heat  generated  equals  or  exceeds  the  heat  required  to  ignite  the 
reactants  plus  the  heat  lost  to  the  environment.  In  solid-solid  SHS, 
reactants  in  stoichiometric  quantities  are  mixed  intimately,  usually  with 
particle  sizes  of  the  order  of  a  few  microns.  However,  in  solid-gas 
systems  the  gaseous  reactant  must  flow  into  the  reaction  zone  from, 
ultimately,  the  volume  outside  the  sample.  As  a  consequence,  the 
permeability  of  the  sample  volume  is  important,  especially  if  a  melt 
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phase  exists.  This  requirement  for  mass  transport  can  be  relaxed 
somewhat  if  the  gas  density  in  the  porosity  near  the  combustion  zone  is 
adequate  to  provide  enough  gas  to  complete  the  reaction.  For  the  present 
discussion,  we  can  divide  the  sample  into  three  regions:  1)  the  unreacted 
volume  far  ahead  of  the  combustion  front,  2)  the  volume  ahead  of  the 
combustion  front  that  is  affected  by  the  thermal  gradient  created  by  the 
combustion,  and  3)  the  volume  behind  the  combustion  front.  We  will 
ignore  the  last,  and  discuss  the  effect  of  ^  pressure  on  the  first  two. 
For  the  reaction 

3(1  — x )Si  +  2(1-x)N2  +  x(Si3N4) - >  Si3N4,  (1) 

the  nitrogen  density,  in  a  homogeneous  volume  containing  Si  and  porosity, 
required  for  complete  reaction  is 


?<v>!  •  V 


l 


♦  (T*-) 
1  -a 


p(Si ) 


(2) 


3N4) 


where  4>,  as  before,  is  the  porosity,  a  the  weight  per  cent  Si3N4,  and  p 
are  molar  densities  (kmol/m  ).  We  ignore  the  change  in  the  density  of 
silicon  with  temperature,  pressure,  and  change  of  phase,  and  plot  in 
Figure  4  the  nitrogen  density  required  for  complete  reaction  vs  w /I 
dilution  with  S i 3N4  for  two  porosities.  For  example,  the  N2  density 
required  for  a  sample  having  a  porosity  of  0.6  and  diluted  with  50  w/7. 
Si 3N4  is  about  22  kmol/m  .  At  room  temperature,  this  corresponds  to  an 
pressure  of  about  120  MPa.  If  the  porosity  is  0.65,  the  N2  pressure 
required  for  complete  reaction  is  about  70  MPa.  On  the  other  hand,  for 
a  »  0.25,  the  required  pressure  is  about  340  MPa  for  $  -  0.60;  and 
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for  a  -  0.35,  the  value  is  about  230  MPa.  We  conclude  that  there  is 
inadequate  contained  in  the  porosity  for  complete  combustion  without 
mass  flow  in  all  cases  for  the  10  MPa  experiments.  For  the  100  MPa 
experiments,  the  density  is  high  enough  for  some  combinations  of  dilution 
and  porosity,  but  not  others. 

Of  course,  the  density  relevant  to  the  combustion  is  that  at  the 
pressure-temperature  conditions  in  and  near  the  combustion  zone. 

Assuming  pressure  equilibrium  in  the  porosity,  these  are  the  measured 
pressure  and  the  combustion  temperature.  We  can  estimate  Tc  from 
Mukas'yan,  et.  al .  J  ,  who  find  dTc/dP  *:4.5K/MPa,  and  Tc(P-6  MPa) 

2200K.  Thus,  at  P-150  MPa,Tc~2850K.  To  find  the  N2  density  at  this  P,T 
we  use  the  second  virial  equation,  with  constants  from  Hirschfelder,  Curti 
and  Bird3 

Pv  -  RT  [  1  +  B(T)/v] ,  (3) 

where  R  -  8.3147C103)  J-K'^-Kmol-1 ,  B(T)  is  the  temperature  dependent 
second  virial  coefficient  and  v  is  the  molar  volume.  For  T-2850K,  B(T)  = 
0.527bQ  where  bo-63.78(10~3)m3/Kmol .  Evaluating  Eqn  (3)  for  P  »  150  MPa 
and  T  -  2850K,  v  -  0.187  m3/Kmo1  and  the  N2  density  is  5.35  Kmol/m3. 

Since  this  is  about  a  factor  of  five  less  than  is  required  for  complete 
combustion,  there  must  be  some  transport  from  nearby,  cooler  porosity 

,  4 

into  the  combustion  zone.  Assuming  dT/dt-10  K/s  in  the  combustion  wave 
and  a  combustion  speed  of  lmm/s,  the  spatial  temperature  gradient  is 
about  lO^K/mm.  Solving  Eqn  (3)  for  P-150  MPa  and  v-.04m3/Kmol 
(corresponding  to  nominal  values  for  the  dilution  and  porosity  for  this 

4 

work),  we  find  T  x  500K.  For  a  temperature  gradient  of  10  K/mm,  this 
means  gas  must  flow  about  0.05mm  to  reach  the  combustion  front  or,  for  a 
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mean  particle  size  of  2  microns,  about  a  distance  of  25  particles.  Thus 
it  is  not  surprising  that  the  combustion  does  not  seem  to  be  limited  by 
the  permeability  of  the  reactant  mixture.  In  this  rough  analysis,  we 
have  ignored  the  presence  of  a  melt  which  may  decrease  the  permeability 
significantly  near  the  combustion  zone. 

Combustion  Speed 

Our  combustion  speed  results  for  starting  pressures  near  10  MPa  agree 
reasonably  well  with  those  of  Mukas'yan,  et.al..1  The  speed  increases 
nearly  linearly  with  dilution,  with  little  or  no  scatter  in  the 

4 

replicated  experiments.  Hirao,  et.  al.,  report  combustion  speeds  at 
10  MPa  N2  pressure  that  decrease  strongly  with  decreasing  porosity  for 
dilutions  of  about  30  and  47  weight  percent  Si 3N4 .  Our  data  can  be 
compared  only  at  their  lowest  porosity  of  about  60X,  where  the  combustion 
speeds  agree  within  the  scatter  in  their  data.  Their  data  do  not  show  a 
dependence  of  the  combustion  speed  on  dilution.  At  starting  pressures 
near  100  MPa  we  find  that  the  combustion  speed  has  a  maximum  at  a 
dilution  of  30-40  w/X  a-Si3N4.  With  the  limited  data  available,  we  can 
only  speculate  that  the  maximum  owes  to  a  balance  between  the  increase 
with  a  of  the  reaction  surface  area  of  the  melted  Si,  as  postulated  by 
Mukas'yan,  et.al.,  and  the  decrease  in  the  heat  balance  in  the  combustion 
zone. 

We  examine  the  effect  of  pressure  and  dilution  by  Si 3N4  on  the 
combustion  speed  (Fig.  3)  by  considering  the  heat  balance  in  the 
combustion  zone.  High  N2  density  increases  the  reaction  rate  owing  to 
higher  fugacity  and  to  the  ready  availability  of  N2  in  the  porosity 
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near  the  combustion  zone.  For  Arrhenius  reactions,  it  decreases  the 
reaction  rate  owing  to  a  decrease  in  combustion  temperature  resulting 
from  better  heat  transfer  away  from  the  combustion  zone.  We  also  note 
that  the  heat  generation  rate  may  be  constrained  by  both  the  amount  of  Si 
available  for  reaction  (1-a)  and  its  surface  area,  as  proposed  by 
Mukas'yan,  et.  al.1  The  combustion  speed,  then,  depends  on  the  balance 
between  these  heat  source  and  sink  mechanisms.  At  10  MPa,  neither  the 
heat  loss  nor  the  flux  of  Si  into  the  combustion  zone  dominate,  and  the 
combustion  speed  increases  with  a  because  of  the  increase  in  reactive 
surface  area.  Since  the  starting  porosity  in  our  study  was  nominally 
constant  near  621,  we  cannot  draw  conclusions  about  the  effect  on  the 
combustion  speed  of  preheating,  owing  to  radiation,  of  the  material  ahead 

4 

of  the  combustion  front,  as  suggested  by  Hirao,  et.  al.. 

However,  at  high  N,,  density  the  heat  loss  owing  to  conduction  and 

convection  and  the  relative  decrease  in  heat  generation  owing  to  the 

decrease  in  the  amount  of  Si  available  for  reaction  evidently  become 

important.  At  470K  the  thermal  conductivity  of  increases  by  about 

c 

201  over  the  pressure  range  1  to  28  MPa.  Thus,  at  100  MPa,  we  expect 
the  heat  loss  out  of  the  combustion  zone  to  increase  significantly.  In 
addition,  the  higher  combustion  speeds  at  100  Mpa  increase  the  flux  of 
unreacted  Si  into  the  combustion  zone.  As  long  as  the  weight  per  cent  of 
Si  is  adequate,  the  combustion  speed  increases  with  a,  with  the 
initially  higher  slope  at  100  MPa  owing  to  the  increased  fugacity. 
However,  as  a  increases,  the  heat  source  owing  to  the  Si  reaction 
decreases  (since  the  amount  of  Si  available  for  reaction  is  1-a)  and 
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finally  is  overtaken  by  the  heat  loss  owing  to  conduction  and  convection. 
At  100  MPa  and  dilutions  near  40X,  the  mechanisms  tending  to  decrease  the 
heat  balance  in  the  combustion  zone  begin  to  dominate,  and  the  combustion 
speed  decreases. 
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Table  1.  Sample  characterization  and  combustion  speeds  for  the  combustion 
of  Si  in  N_. 


Weight  7.  Density 

Exp't  P(MPa)  Si^N4  (cm/cm^)  Porosity  (%)  u^(mm/s) 


14 

10 

25 

1.022 

59.7 

.54 

15 

10 

25 

.50 

10 

10 

35 

.975 

62.9 

.67 

11 

10 

35 

.967 

63.2 

.67 

16 

10 

50 

.961 

65.4 

.87 

17 

10 

50 

.953 

65.6 

.87 

1*2 

100 

25 

1.10 

13 

100 

25 

1.0 

60.4 

1.07 

8 

100 

35 

.943 

64.0 

1 .23 

9 

100 

35 

.964 

63.3 

1 .32 

18 

100 

50 

.966 

65.2 

1.12 

19 

100 

50 

.944 

66.0 

1.01 

Captions  to  the  figures. 


Figure  1.  Composition  of  the  SHS  product  after  combustion  of  Si  in 
N2,  diluted  with  x  wt%  Si^N^,  with  a  nominal  starting 
pressure  of  10  MPa.  The  balance  for  each  sample  is 
unreacted  Si . 


Figure  2.  Composition  of  the  SHS  product  after  combustion  of  Si  in 
N2,  diluted  with  x  wtX  Si^N^,  with  a  nominal  starting 
pressure  of  100  MPa.  The  balance  for  each  sample  is 
unreacted  Si . 

Figure  3.  Combustion  speed  vs.  dilution  by  Si 3N4 .  The  chain-dot 
line  is  from  Mukas'yan,  et.al.1 

Figure  4.  Molar  density  of  N2  required  such  that  there  is  full 
reaction  of  Si  diluted  by  x  wtX  Si2N4  using  only  the 
N2  in  the  sample  porosity. 
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Preparation  of  TiC  Single  Crystal  from  Self -Combustion  Rod 
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ABSTRACT 

The  use  of  the  SHS  process  to  provide  pure  materials  for  subsequent  single 
crystal  preparation  is  demonstrated.  From  an  SHS  product,  TiC  single  crystals 
were  prepared  by  the  floating  zone  method. 

Introduction 

The  single  cyrstals  of  TiC  are  of  interest  as  new  field  emitters  because 
their  electron  beam  is  stable,  without  noise  or  drift  [1,2].  As  a  field 
emitter,  a  high  purity  single  crystal  with  nearly  stoichiometric  composition  is 
needed. 

The  single  crystals  prepared  from  the  commercial  powder  contains  0.05  - 
0.5  wt%  of  a  tungsten,  W,  impurity  [3,4].  The  W  impurity  often  causes  troubles 
during  a  zone  pass,  such  as  difficulties  in  the  seeding  process  and 
polycrystal ization  due  to  sudden  spurious  nucleation.  The  impurity  can  not  be 
removed  at  all  by  a  zone  pass,  in  spite  of  a  high  growth  temperature  (2900°C) 
because  W  has  a  lower  vapor  pressure  than  TiC  and  its  distribution  coefficient 
is  higher  than  unity  [3,5]. 

Therefore,  in  order  to  remove  the  impurity  from  the  starting  material,  we 
tried  the  synthesis  of  the  carbide  by  the  self-combustion  reaction  of  Ti  metal 
and  carbon  [6,7],  and,  using  a  self-combustion  rod  prepared  at  the  same  time, 
prepared  TiC  single  crystal  by  floating  zone  method. 
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2.  Experimental 


The  raw  materials  used  were  Ti  metal  powder  with  -350  mesh, 
and  carbon  black  which  had  been  heated  in  advance  at  2000  *C  in 
vacuum  (10-^  torr)  to  remove  the  oxygen  and  nitrogen  impurities. 
The  starting  materials  with  various  compositions  were  produced  by 
mixing  them  with  a  small  amount  of  acetone.  After  putting  the 
mixture  in  the  rubber  bag  and  shaping  it  cylindrically ,  it  was 
isostatically  pressed  (100  MPa)  at  room  temperature  to  form  a  rod 
9  mm  in  diameter  and  1 5  cm  long. 

The  rod  was  put  in  the  graphite  susceptor,  and  the  end  of 
the  susceptor  was  put  into  the  heater  (1300  °C)  in  vacuum  ( 1 0~ 2 
torr)  to  start  the  self-combustion  from  the  end  of  the  rod.  The 
combustion  temperature  was  determined  from  the  rod  surface 
temperature  during  self-combustion,  using  a  two  color  pyrometer, 
which  was  calibrated  up  to  2800  K  and  extrapolated  above  2800 
K[8,9].  After  the  self -combustion ,  the  susceptor  was  taken  off 
from  the  heater  and  cooled  down. 

The  contents  of  carbon,  oxygen  and  nitrogen  were  determined 
by  analyzers  (LECO,  WR-12  and  TC-136).  The  densities  of  the  rods 
were  determined  from  the  measurement  of  the  volume  and  the  weight 
after  cutting  it  to  2  cm  long  rods. 

Using  these  rods,  the  single  crystals  were  prepared  by  a 
floating  zone  technique  in  a  radio  frequency  induction  heating 
furnace.  The  molten  zone  was  passed  under  9  atm  of  helium,  using 
a  3  turn-2  step  coil  18  mm  in  diameter.  The  details  are  given 
elsewhere (3,4,10). 
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3.  Results  and  discussion 


The  important  things  for  the  preparation  of  the  feed  rod  are 
the  composition  control,  the  purity,  its  density  and  the 
preparation  of  a  straight  cylindrical  rod.  Therefore,  we 
examined  the  influence  of  the  self -combustion  preparation. 

The  composition  change  due  to  the  self-combustion  synthesis 
is  shown  in  fig.  1 .  The  composition  tended  to  change  to  the 
carbon  rich  composition  in  the  composition  range  of  less  than 
C/Ti=0.8.  On  the  other  hand,  in  the  range  of  a  higher  ratio  than 
C/Ti=0.9,  the  composition  tended  to  change  to  the  carbon  poor 
composition.  The  composition  deviations  were  not  so  large,  at 
most,  3  at%  in  spite  of  self-combustion  in  vacuum.  This  is 
because  the  combustion  time  is  short  in  spite  of  the  high 
combustion  temperature.  However,  the  reaction  between  Ti  and 
carbon  proceeded  enough  in  the  entire  composition  range,  judging 
from  the  splitting  of  the  K«(,  and  Ko^  peaks  on  the  x-ray 
diffraction  chart.  According  to  fig.1,  the  composition  of  the 
feed  rod  could  be  controlled  within  1  at%. 

The  combustion  temperature  is  shown  as  a  function  of  the  rod 
composition  in  fig. 2(a).  The  combustion  temperature  was  maximum, 
2980  K,  at  a  composition  (C/Ti)  of  0.95.  The  cross  section  of 
the  self-combustion  rod  with  C/Ti=0.98  is  shown  in  fig. 2(b).  The 
rod  had  many  small  cavities  inside.  It  was  found  from  the 
observation  under  a  microscope  that  the  interior  of  the  rod 
partially  melted  and  the  cavities  were  formed  by  melting. 
Therefore,  the  inside  temperature  during  the  self-combustion 
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reaction  was  found  to  be  the  TiC-C  eutectic  temperature  (  3049 
K)[12].  On  the  other  hand,  the  peripheral  part  of  the  self- 
combustion  rod  had  no  cavities,  as  shown  in  fig. 2(b),  which 
indicates  the  combustion  temperature  at  the  peripheral  part  was 
lower  than  the  eutectic  temperature.  Therefore,  the  measured 
temperature  of  the  rod  surface,  2930  K,  was  reasonable. 

The  contents  of  oxygen  impurity  in  the  rod  decreased  from 
0.55  to  0.15  wt%  with  increasing  carbon  content.  This  oxygen 
came  from  the  Ti  metal  powder  which  contained  0.5  wt%  of  oxygen. 
The  oxygen  contents  were  at  the  same  level,  compared  with  the  rod 
sintered  from  the  commercial  TiC  powder.  The  nitrogen  contents 
decreased  from  0.04  to  0.01  wt%  with  increasing  carbon  content, 
like  the  case  of  oxygen.  The  nitrogen  contents  were  much  lower, 
compared  with  that  in  the  sintered  rod.  The  metal  impurities  in 
the  rod  were  examined  by  x-ray  fluorescence  spectroscopy.  Only 
iron  impurity,  which  came  from  the  Ti  powder  (120  ppm),  was 
detected  as  a  trace.  The  iron  contents  may  be  less  than  10  ppm, 
but  this  impurity  can  be  refined  perfectly  due  to  evaporation 
during  a  zone  pass [3,4],  Therefore,  the  impuixty  contents  in  the 
rod  are  low  enough  for  preparation  of  the  TiC  crystal. 

The  relative  density  of  the  self-combustion  rod  decreased 
from  50  to  40  %  with  increasing  carbon  content  when  the  density 
of  TiC  was  assumed  to  be  4.87  g/crn-*.  The  cross  section  of  the 
feed  rod  was  already  shown  in  fig.  2(b).  These  densities  are 
fairly  low,  compared  with  that  of  the  rod  sintered  from  the  TiC 
powder (70  %).  This  comes  from  the  facts  that  the  green  rod  does 
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not  have  such  a  high  density  (55  %),  that  the  rod  did  not  shrink 
due  to  self -combustion,  and  that  the  volume  decreased  by  23  %  due 
to  the  raction  of  titanium  and  carbon.  Because  of  the  low 
density,  we  had  to  prepare  a  longer  feed  rod,  compared  with  the 
desired  length  of  the  crystal. 

It  was  not  difficult  to  prepare  the  rod  with  a  desired  shape 
and  size  by  the  self-combustion  method,  controlling  the  temperature 
of  the  heater  and  the  position  of  the  graphite  susceptor. 

The  features  of  the  self -combustion  rod  were  low  density  and 
high  purity. 


4.  Preparation  and  characterization  of  the  crystal 

The  single  crystal  of  TiCg.gg  was  prepared  by  the  modified 
zone  leveling  method! 4],  The  feed  rod  with  the  composition  of 
C/Ti=0.98  was  attached  to  the  upper  shaft  in  the  furnace.  The 
<100>  seed  crystal  was  attached  to  the  lower  shaft.  A  carbon 
disk  was  put  between  them  to  control  the  composition  of  the 
initial  molten  zone  so  as  to  reach  a  zone  leveling  condition  on 
initial  melting.  The  initial  zone  was  formed  by  melting  the  seed 
crystal  and  the  carbon  disk  because  the  density  (43  %)  of  the 
feed  rod  was  too  low  to  form  the  initial  molten  zone.  The 
crystal  growth  rate  was  1.5  cm/h,  and  the  feed  rod  was  melted 
into  the  molten  zone  at  a  rate  of  3.5  cm/h  to  compensate  for  its 
low  density. 

Using  the  self -combustion  rod  as  a  feed  rod,  the  heating 
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power  during  a  crystal  preparation  was  decreased  by  10  %, 
compared  with  the  case  of  a  usual  sintered  rod  with  70  %  of  the 
relative  density!  13].  This  is  because  the  heat  flow  froir  the 
molten  zone  to  the  feed  rod  decreased  due  to  the  low  density  of 
the  feed  rod  (43  %).  To  decrease  the  heating  power  is  profitable 
for  the  preparation  of  crystals  with  high  melting  points. 

The  grown  crystal  is  shown  in  fig. 3 (a).  The  crystal  is  9  mm 
in  diameter  and  4  cm  long.  The  smoothness  of  the  crystal  surface 
indicates  that  the  zone  could  be  passed  stably  in  spite  of  the 
low  density. 

The  crystal  composition  (C/Ti)  were  determined  to  be  0.946, 
0.956  and  0.958  at  the  initial,  middle  and  final  parts  of  the 
crystal  rod,  respectively.  The  composition  was  controlled  within 
the  accuracy  of  1  at%.  The  oxygen  impurity  was  not  detected 
(less  than  20  ppm)  and  the  nitrogen  impurity  content  was  30  ppm, 
which  is  one  order  lower  than  the  previously  grown  crystal [5].  W 
and  other  metal  impurities  could  not  be  detected  by  x-ray 
fluorescence  spectroscopy.  The  purity  of  the  crystal  was 
increased  by  more  than  one  order  of  magnitude,  that  is,  >99.99  *, 
compared  with  the  crystal  prepared  from  the  commercial  powder. 

The  influence  of  the  W  impurity  on  the  crystal  growth  was 
examined.  Fig. 4  shows  the  longitudinal  cross  sections  of  the 
initial  parts  of  the  crystal  rods,  which  were  prepared  by 
spontaneous  nucleation.  The  initial  grains  in  the  W-free  rod 
were  large,  which  indicates  that  the  grain  easily  grows  large, 
that  is,  the  single  crystal  can  be  prepared  easily. 


In  the  case  of  using  a  commercial  powder,  the  growth  rate 
had  to  be  lower  than  0.5  cm/h  in  order  to  prevent  perfectly  the 
troubles  caused  by  the  W  impurity[4].  However,  using  a 
self-combustion  rod,  the  preparation  at  higher  growth  rate,  1.5 
cm/h,  was  made  possible,  and  the  crystal  quality  was  increased. 
This  is  because  the  decrease  in  crystal  quality  after  growth  due 
to  the  strong  thermal  stress  was  suppressed  by  increasing  the 
growth  rate[14].  The  (100)  cleavage  plane  of  the  prepared 
crystal  is  shown  in  fig. 3(b).  Compared  with  the  conventional 
crystal  prepared  at  0.5  cm/h[4],  the  misorientation  of  higher 
than  one  degree  was  removed  over  the  cross  section.  The  density 
of  the  subgrain  boundary,  which  is  observed  as  lines  on  the  (100) 
etching  plane,  also  decreased  from  1400  to  850  cm-1 ( =cm/cm2 ) . 


5.  Conclusion 

Using  the  self -combustion  rod,  the  crystal  purity  was 
increased  by  more  than  one  order  of  magnitude.  The  high  purity 
led  to  removal  of  the  troubles  during  a  zone  pass.  Consequently, 
the  preparation  of  the  single  crystals  was  made  possible  in  the 
optimum  growth  conditions,  and  the  crystal  quality  was  improved. 

Self-combustion  has  been  found  very  useful  for  the 
preparation  of  materials  for  single  crystals  with  high  melting 
points  because  it  is  difficult  to  obtain  the  high  purity 


materials. 
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Figure  captions 

Fig.1  Composition  change  due  to  self -combust ion. 

Fig. 2  (a)  Self -combust ion  temperature.  The  dashed  line[6]  and 

dash-dotted  1ine[l1]  show  the  calculated  adiabatic 
temperature.  The  arrow  shows  the  TiC-C  eutectic 
temperature ( 3049  K ) [ 1 2 ] .  (b)  Cross  section  of  the  self¬ 

combustion  rod  with  composition  of  C/Ti=0.95. 

Fig. 3  (a)  TiCQ.96  single  crystal  rod  and  (b)  the  (100)  cleavage 

plane.  Marker  represents  1  cm. 


Z(C/Ti)  (%) 
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Abstract 

In  this  paper,  we  characterize  three  types  of  injection  plasma  processing 
(IPP)  and  review  the  problems  relating  to  IPP.  In  order  to  demonstrate  the 
feasibility  and  prominent  features  of  IPP,  special  attention  will  be  given  to 
radio-frequency(rf )  and  hybrid  plasma  processing,  which  will  be  discussed  in 
conjunction  with  our  recent  research  concerning  the  synthesis  of  ceramic 
powders  and  coatings.  "Super-high  rate  deposition  of  ceramics"  and  "rf  plasma 
spraying  of  ceramics"  will  be  proposed  as  two  distinctive  candidates  for  the 
future  development  of  IPP  in  the  field  of  ceramic  technology. 

key  words:  thermal  plasma  synthesis,  ceramic  powders  and  coatings,  RF  plasma. 
Hybrid  plasma 

I.  Introduction 

Over  the  past  two  decades,  thermal  plasmas  have  been  used  for  processing 
of  materials  and  chemicals.  However,  the  development  of  plasma  technology, 
especially  in  the  fields  of  inflight  or  injection  plasma  processing(IPP) ,  was 
commercially  successful  only  in  a  few  cases.  The  major  reason  is  that  the 
direct  current(dc)  plasma  jet  has  been  used  exclusively  for  generating  thermal 
plasmas  because  of  its  ease  of  operation  and  installation.  Unfortunately, 
however,  the  dwell  time  of  the  injected  materials  in  the  plasma  is  usually  less 
than  1msec,  which  is  insufficient  to  be  used  for  the  majority  of  synthesis  by 
IPP.  Moreover,  the  steep  temperature  gradients  occurring  in  the  plasma 
generally  result  in  non-uniform  heating  and  reactions.  In  these  respects,  rf 
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and  hybrid  plasmas  are  highly  recommended.  The  most  important  characteristics 
of  these  plasmas  are  their  large  volume  and  low  velocity.  Moreover,  they  may 
allow  central  feeding  of  materials  to  minimize  trajectory  and  reaction 
variations.  From  the  viewpoints  mentioned  above,  we  have  been  developing  rf  and 
hybrid  plasma  processing.  Fig.l  shows  the  promising  fields  for  thermal  plasma 
processing,  which  are  now  under  study  in  our  laboratory. 

11 .Characterization  of  IPP 

The  present  thermal  plasma  technology  can  be  roughly  classified  into  two 
fields,  which  originated  from  batch-type  arc  heating  technology  and  combustion 
flame  technology.  Injection  plasma  processing  may  be  classified  into  a  new 
branch  of  the  latter  case. 

Fig. 2  shows  a  conceptional  drawing  of  IPP.  As  shown  in  the  figure,  IPP  can 
be  divided  into  the  following  four  stage.  In  zone  (A),  it  is  crucial  to  inject 
reagents  properly  into  the  plasma  without  disturbance,  in  competition  with  the 
high  viscosity  and  magneto-hydrodynamic  characteristics  of  the  plasma.  In  zone 
(B),  thermal  and  reaction  histories,  and  trajectories  must  be  effectively 
controlled  and  homogenized.  In  zone  (C),  homogeneous  and  controlled  reactions 
are  essential.  Especially,  in  the  case  of  fine  powder  synthesis,  nucleation  and 
growth  processes  must  be  highly  controlled  by  effective  devices  based  on  fluid 
dynamics  as  well  as  electromagnetics.  In  zone  ( D ) .  it  is  now  highly  expected  to 
develop  an  efficient  collection  method,  which  should  not  destroy  the  unique 
characteristics  of  the  prepared  powder.  If  these  subjects  could  have  been 
overcome  by  future  research,  many  industrialized  IPP  should  be  developed  to 
meet  the  need  for  the  chemical  synthesis  of  powders  and  coatings. 

IPP  can  be  divided  into  three  main  categories  as  shown  in  Fig. 3.  The 
thermal  plasma  CVD  is  characterized  by  the  injection  of  gaseous  reactants  into 
the  plasma.  This  processing  may  be  considered  to  be  the  modification  of  usual 
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CVD.  However,  the  axially  injected  reactants  are  completely  dissociated  to  the 
elements,  which  is  different  from  the  usual  CVD.  Frequently,  the  second 
reactant  such  as  CH4  or  NH3  is  injected  into  the  tail  flame  in  order  to  use 
radicals  generating  during  heating  process.  In  the  thermal  plasma  flash 
evaporation  method,  powders  are  used  as  reagents.  It  may  fairly  be  said  that 
the  ability  to  cause  vaporization  is  a  most  important  feature  in  this  method. 
In  order  to  expect  perfect  evaporation  of  the  powders,  the  size  less  than  30 
u  m  must  be  usectf1)  .  By  this  method,  multicomponent  composition  controlled 
vapors  can  be  easily  generated  in  a  plasma  flamed. 3).  Frequently,  reactive 
plasma  is  used  for  the  reaction  with  the  vaporized  elements^4).  The  advantages 
of  this  processing  are  its  simplicity,  flexibility,  and  that  by-products  can  be 
minimized.  The  last  one  shows  plasma  spraying.  In  this  case,  injected  powder 
size  must  be  large  enough  not  to  be  vaporized,  and  small  enough  to  be 
completely  melted.  Each  droplet  is  flattened  on  impact  at  the  substrate  and 
solidified,  and  the  coating  consists  of  many  layers  of  the  flattened  particles. 
Essentially,  the  structure  of  the  coating  is  determined  by  the  viscosity  of  the 
droplet  just  before  the  collision  rather  than  the  velocity  as  will  be  shown  in 
section  IV-3. 

III.  Plasma  torches  for  IPP 

As  mentioned  in  the  pervious  chapter,  the  most  important  key  to  success 
for  IPP  in  various  applications  depends  to  a  large  extent  upon  the  development 
of  plasma  torches  which  make  it  possible  to  generate  relatively  large  size 
plasma,  and  to  sustain  a  stable  plasma,  in  particular,  when  reagents  are  being 
axially  injected.  In  these  respects,  an  rf  plasma  torch  and  a  hybrid  plasma 
torch  are  strongly  recommended.  Fig.  4  shows  the  schematic  diagrams  of  these 
two  torches,  which  have  been  used  for  IPP  in  our  laboratory.  And  Fig. 5  shows 
the  calculated  temperature  and  flow  fields  in  Ar  plasmas,  which  will  be 
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generated  in  the  torches  shown  in  Fig. 4,  with  coil  current  of  4MHz-100A,  sheath 
gas  flow  rate  and  swirl  velocity  of  40SLM  and  lOm/s,  carrier  gas  and  dc  plasma 
jet  flow  rate  of  5  SLM,  and  dc  jet  power  of  0.6kW  at  inlet  boundary.  The  rf 
input  power  level  is  about  6.6kW  in  each  case.  Principally,  the  rf  plasma  is 
electrodeless  discharge  and  the  plasma  is  free  from  electrode  contamination. 
Accordingly,  reactive  gases  such  as  O2  and  CI2  can  be  used  as  plasma  gases  for 
special  cases.  The  residence  time  is  the  order  of  10ms  and  this  torch  is  very 
fit  for  powder  processing  in  IPP.  On  the  other  hand,  the  main  feature  of  the 
hybrid  plasma  is  that  the  large  recirculation  flow  existing  in  the  rf  plasma  is 
extinguished  by  the  presence  of  the  high-velocity  channel  caused  by  the  dc  arc 
jet.  Therefore,  if  the  reactants  can  be  carried  by  the  arc  jet  flow,  they  can 
be  expected  to  pass  through  the  high  temperature  region  higher  than  9000K  .with 
the  dwell  time  of  about  5  ms.  The  applications  of  the  two-types  torches  to  the 
thermal  plasma  synthesis  of  ceramic  powders  and  coatings  will  be  shown  in  what 
follows. 

IV.  Review  of  our  recent  research 

IV- 1  Hybrid  plasma  CVD 

I V- 1-1  Synthesis  of  ultrafine  Sij^  and  SiC  powders^5'®) 

Fig. 6  shows  the  reactor  chamber  designed  for  powder  processing, 
schematically.  Typical  operating  conditions  are  shown  in  Table  I. 

Silicon  nitride 

As  shown  in  our  previous  paperst®'7),  ultrafine  amorphous  S13N4  with  the 
nitrogen  content  of  about  37  wtX  and  the  size  of  10  to  30  nm  could  be  prepared 
successfully  by  a  reaction  of  SiCl4  with  NH3.  It  was  also  shown  that  the 
nitrogen  content  did  not  depend  on  the  NH3 /S i C 1 4  rolar  ratio  over  the  range  of 


the  experimental  conditions,  but  depended  upon  the  absolute  NH3  injection  flow 
rate.  Recently,  the  influences  of  NH3/SiCl4  molar  ratio  and  the  injection 
linear  velocity  on  the  nitrogen  content  in  the  product  and  on  the  particle  size 
were  investigated.  In  Fig. 7  nitrogen  content  are  plotted  as  a  function  of 
NH3/SiCl4  molar  ratio.  Ds  and  Vs  mean  the  diameter  of  the  ring  slit  and  the 
linear  velocity  at  the  exit  of  the  slit.  As  might  be  expected,  it  was  found 
that  the  nitrogen  content  depended  on  the  quenching  rate  as  well  as  the  molar 
ratio.  In  each  case,  the  powder  was  essentially  amorphous  ultrafine  Si3N4. 

Silicon  carbide 

SiC  synthesis  was  carried  out  by  injecting  CH4  diluted  with  H2  into  the 
tail  flame(8).  In  this  case  also,  the  effects  of  the  quenching  rate  on  the 
carbon  content  in  the  product  and  on  the  particle  size  were  investigated  under 
two  different  conditions.  The  quenching  rate  was  controlled  by  regulating  the 
H2  flow  rate.  In  Fig. 8,  carbon  content  are  plotted  as  a  function  of  CH4/SiCl4 
molar  ratio.  The  data  shown  by  open  and  filled  symbols  correspond  to  the  cases 
for  the  H2  flow  rate  of  50  SLM  and  20SLM,  respectively.  In  each  case,  the 
carbon  content  increased  with  the  molar  ratio  of  the  reactants  up  to  about  1.5, 
and  approached  a  saturation  value  depending  upon  the  H2  flow  rate.  Nearly 
stoichiometric  powder  prepared  here  showed  the  color  of  whitish  gray  and 
consisted  mainly  of  0  -SiC.  Fig. 9  shows  electronmicrographs  of  typical  powders. 
These  results  clearly  show  that  the  particle  size  distribution  and  the 
composition  can  be  controllable  by  changing  the  injection  flow  rate  of  the 
quenching  gas. 

It  was  confirmed  that  pure  ultrafine  amorphous  Si3N4  and  crystalline  0  - 
SiC  could  be  prepared  effectively  by  the  processing  developed  here.  Moreover, 
it  was  suggested  that  the  effective  'REACTIVE  QUENCHING"  is  one  of  the  key  to 
success  for  the  preparation  of  ideal  ultrafine  ceramic  powders  in  this 


processing. 


IV- 1-2  Super-high  rate  deposition  of  SiC  layers 

As  shown  in  our  recent  paper(^),  thick  and  dense  SiC  layers  were 
successfully  deposited  at  a  rate  of  10  y  m/min  on  a  graphite  substrate  from 
SiCl4  and  CH4  under  soft  vacuum  of  about  200  Torr,  by  using  a  25kW  level  hybrid 
plasma  reactor.  The  best  process  conditions  were  typically  under  flow  rates  of 
SiCl4  =  1 .5  g/min  and  CH4=0.3  SLM,  and  deposition  temperatures  of  1000  "C  to  1100 
”C  .  Fig. 10  shows  the  cross  section  of  the  film  deposited  on  a  graphite 
substrate  under  optimum  conditions  for  30  min,  which  clearly  show  the  high 
quality  of  the  film.  The  density  and  the  Vickers  hardness  of  the  film  were  3.2 
g/cm3,  and  higher  than  3000  Kg/mm^.  XRD  showed  that  the  film  consisted  of  pure 
0  -SiC  with  the  preferred  orientation  of  (100),  which  is  different  from  the 
usual  CVD  cases.  There  might  be  some  driving  force  caused  by  plasma-surface 
interaction  for  the  presence  of  (100)  orientation  in  this  process,  although  the 
reason  is  not  evident  at  this  stage.  Anyhow,  this  process  may  be  easily 
applicable  to  another  ceramics,  and  will  be  expected  to  play  an  important  role 
in  the  future  ceramic  technology.  Very  recently,  we  have  actually  succeeded  in 
depositing  thick  Si3N4  layers  at  a  rate  of  above  10  um/min(J0)  . 

IV-2  RF  plasma  flash  evaporation 

As  an  example  of  rf  plasma  flash  evaporation  processing,  the  deposition  of 
as-grown  superconducting  Y-Ba-Cu-0  films  using  the  rf  plasma  torch  (Fig. 4)  will 
be  shown  hereto  .  A  mixture  of  Y2O3,  BaC03,  and  CuO  powders  of  1  u  m  in  size 
or  a  co-precipitated  powder  of  1  u  m  in  size  with  the  same  composition  as  that 
of  the  superconductor  were  fed  into  Ar-02  plasma,  and  co-evaporated  completely. 
And  the  ternary  composition  controlled  high-temperature  metallic  vapors  were 
co-deposited  onto  (100)  MgO  single  crystal  substrates  placed  in  a  Ar-02  Plasma 


tail  flame.  The  deposition  rate  of  more  than  10  y  m/min  could  be  achieved.  The 
crystal  structures  were  identified  to  be  orthorhombic  oxygen-deficient  layered 
perovskite  YiBa2Cu3C>7-x .  It  is  also  found  that  the  c-axis-oriented  films  can 
be  obtained.  Fig. 11  shows  the  superconducting  transition  temperatures  of 
92K(onset)  and  83K(offset).  These  results  confirmed  that  the  reactive  plasma 
flash  evaporation  method  is  very  effective  for  the  preparation  of  the  mixed 
oxide  superconducting  films. 

IV-3  RF  plasma  spraying 

Fig. 12  shows  schematic  illustration  of  (A)  dc  plasma  spraying  and  (B)  rf 
plasma  spraying.  Considering  the  features  of  an  rf  plasma,  relatively  large 
powders  in  size  have  to  be  used  to  prevent  evaporation.  The  large  heat  capacity 
of  such  powders  will  reveal  different  spraying  characteristics^ *2)  from  those 
of  the  established  spraying  technology. 

With  these  points  as  background,  rf  plasma  spraying  of  AI2O3  and  ZrC^t15) 
was  tried  by  using  the  rf  plasma  torch  shown  in  Fig. 4.  Typical  experimental 
conditions  are  as  follows:  rf  plate  power,  4MHz-55kW;  gas  flow  rate,  60  SLM(Ar) 
and  8  SLM(H2);  powder  feeding  rate,  5-10  g/min.  Fig. 13  shows  the  influence  of 
the  initial  powder  size(d)  of  AI2O3  on  the  sprayed  and  flattened  particle 
diameter(D)  at  the  distance(L)=5cm  from  the  torch  exit.  This  clearly  shows  that 
the  powder  of  d=80-100  ym  is  suited  to  be  sprayed  in  this  case.  Fig.  14  shows 
the  cross  section  of  the  sprayed  AI2O3  layer  under  optimum  conditions,  which 
reveals  that  dense  AI2O3  coating  could  be  obtained  by  rf  plasma  spraying. 
Moreover,  the  coating  mainly  consisted  of  a  -phase,  which  is  different  from  the 
usual  case  and  is  considered  to  be  favorable.  Note  that  the  use  of  such  large 
size  powders  made  it  possible  to  deposit  adhesive  AI2O3  and  ZrC>2  coatings  of 
300  y  m  on  as-rolled  SUS304  stainless  steel  without  grit  blasting  treatment. 
This  excellent  adhesive  characteristic  seems  to  be  due  to  the  increase  of  the 
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heat  flux  from  the  larger  particles  to  the  substrate.  These  experimental 
results  have  proved  that  the  rf  plasma  spraying  must  be  a  strong  candidate  to 
open  new  fields  of  spraying  applications. 

V .  Summary 

In  this  paper,  we  reviewed  the  problems  relating  to  IPP  and  the  promising 
fields  for  the  future  development  of  IPP.  As  shown  in  section  IV-1,  plasma 
synthesis  of  ultrafine  ceramics  powder  by  IPP  has  been,  in  a  sense,  well- 
established.  However,  because  of  the  peculiar  characteristics  of  ultrafine 
powders(UFP)  such  as  high  activity  and  surface  area,  UFP  is  too  difficult  to  be 
processed  with  a  conventional  ceramic  technology.  Accordingly,  for  the  future 
development  of  this  field,  considerable  efforts  from  both  sides  of  plasma 
technology  and  ceramic  technology,  must  be  directed  toward  opening  the  way  to 
use  the  essential  properties  of  such  a  peculiar  powder.  At  this  stage,  "Super- 
high  rate  deposition  of  ceramics"  proposed  here  is  considered  to  be  one  of  the 
solutions  to  overcome  the  above-mentioned  problems.  Without  a  doubt,  another 
promising  IPP  relating  to  ceramic  technology  exists  in  the  field  of  plasma 
spraying.  The  novel  spray  coating  technique  with  an  rf  plasma  torch  or  a  hybrid 
plasma  torch  will  open  new  spraying  fields  in  the  near  future. 
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captions 

Promising  fields  for  thermal  plasma  processing. 

Conceptional  drawing  of  IPP. 

Three  main  categories  of  IPP. 

Schematic  diagrams  of  rf  and  hybrid  plasma  torches. 

Stream-line  patterns  and  temperature  distributions  for  rf  and  hybrid 
plasmas. 

Schematic  diagram  of  the  reactor  chamber  designed  for  the  preparation 
of  ultrafine  ceramics. 

Nitrogen  content  in  the  products  as  a  function  of  NH3/SiCl4  molar  ratio 
with  different  quenching  conditions. 

Carbon  content  in  the  products  as  a  function  of  CH4/SiCl4  molar  ratio 
with  different  quenching  conditions. 

Typical  electron  micrographs  of  silicon  carbide  particles. 

(left:  higher  quenching  rate,  right:  lower  quenching  rate) 

Cross  section  of  SiC  film  deposited  on  a  graphite  substrate  under 
optimum  conditions.  (left:as-fractured,  right :polished) 

Temperature  dependence  of  the  electrical  resistance  for  an  as-grown  Y- 
Ba-Cu-0  film. 

Schematic  illustration  of  (A)  dc  plasma  spraying,  and  (B)  rf  plasma 
spraying. 

Influence  of  the  initial  powder  size(d)  of  AI2O3  on  the  sprayed  and 
flattened  particle  diameter(D)  at  the  distance  of  L  =5  cm  from  the 
torch  exit. 

Cross-sectional  SEM  of  sprayed  AI2O3  layer. 
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Table  I.  Typical  operating  conditions 


(1 )  Gas  flow  rate 

Arc  jet  gas  =  10  L/min(Ar) 

Sheath  gas  =30-40  L/min(Ar)  +  1.5  -  2.0  L/min(H2) 
Carrier  gas  *  1-5  -  2.0  L/min(Ar) 

Quenching  gas  =  20  -50  L/minf^) 

(2)  Reactants  injection  rate 

SiCl4  =1.6-  4.6  g/min 
NH3  =1.0-20  L/min 
CH4  =  0.1  -  0.8  L/min 

(3)  RF  plate  power  input  :  20  kW 

(4)  DC  power  supply  :  5  kW 
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Fig.  1  Promising  fields  for  thermal  plasma  processings 
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Fig.  2  Conceptional  drawing  of  IPP. 
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Fig.  3  Three  main  categories  of  IPP. 


Schematic,  diagrams  of  rf  and  hybrid  plasma  torches 
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Fig.  8  Carbon  content  in  the  products  as  a  function  of  CH^/SiCl 
molar  ratio  with  different  quenching  conditions. 


r>v 


Fig.  10 Cross-section  of  Si C  film  deposited  on  a 
graphite  substrate  under  optimum  conditions, 
(left:  as-fractured,  right:  polished) 
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Fig  12  Schematic  illustration  of  (A)  dc  plasma  spraying,  and  (B)  rf 
plasma  spraying. 
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A  THEORETICAL  COMPARISON  OF  CONVENTIONAL  AND  HYBRID  RF  PLASMA  REACTORS 

JOHN  V.  MCKELLIGET,  Dept,  of  Mechanical  Engineering 
University  of  Lovell,  Lovell,  MA  01854. 

NAGY  EL-KADDAH,  Dept,  of  Materials  and  Metallurgical  Engineering 
The  University  of  Alabama,  Tuscaloosa,  AL  35486. 

ABSTRACT 

A  Mathematical  model  for  the  analysis  and  design  of  hybrid  plasma  reactors 
for  advanced  materials  synthesis  has  been  developed.  The  model  is  used  to 
study  the  thermal  decomposition  of  silicon  tetrachloride  and  it  is 
demonstrated  that  the  hybrid  system  posesses  superior  characteristics  for 
materials  synthesis  over  conventional  DC  or  RF  systems. 

1.  INTRODUCTION 

In  1971  Poole  and  Vogel/1/  developed  the  concept  of  using  a  lov  power  DC 
plasma  torch  augmented  by  an  RF  induction  coil  for  plasma  chemical  synthesis. 
The  first  application  of  this  'hybrid'  plasma  was  by  Yoshida  et  al/2/  who 
successfully  synthesized  amorphous  silicon  nitride  particulates.  The  improved 
performance  of  the  hybrid  reactor  compared  to  the  conventional  RF  system  is 
thought  to  be  due  to  the  modification  of  the  temperature  and  flow  fields 
caused  by  the  superposition  of  the  DC  plasma  jet/2/.  The  objective  of  the 
present  paper  is  to  provide  a  fundamental  understanding  of  the  interaction 
between  the  DC  and  RF  components  of  the  hybrid  reactor  through  the  development 
of  a  quantitative  description  of  the  electromagnetic,  heat,  and  fluid  flow 


phenomena, 

and 

the  chemical  reaction 

kinetics. 

The  model 

is 

used 

to 

investigate 

the 

thermal  decomposition 

of  silicon 

tetrachloride 

and 

the 

predicted 

performance  of  the  hybrid 

reactor  is 

compared 

to 

that 

of 

conventional  RF  and  DC  systems. 

2^  MODEL  FORMULATION 

The  electromagnetic  field  is  calculated  using  a  technique  developed  by  the 
authors  for  RF  plasma  systems/3,4/.  Maxwell's  equations  are  expressed  in 
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(1) 


terms  of  the  electromagnetic  vector  potential,  A,  by  the  equation; 

V2  A  -  a  p  3A/  dt 
o 

where  a  is  the  electrical  conductivity,  and  pQ  is  the  magnetic  permeability  in 

vacuum.  The  boundary  condition  for  the  solution  of  equation  (1)  is; 

3  3 

A(r)  -  (wo/4lt)  [  J  J/|  r  -  rj  d  rc  +  J  J/ 1  r  -  rp|  d  rp  )  (2) 

where  J  is  the  current  density,  r  is  a  position  vector,  and  the  subscripts  c 
and  p  refer  to  the  coil  and  to  the  plasma  respectively. 

The  equations  governing  the  flow  field  are  the  continuity  equation, 

V  .  (  p  V  )  -  0  (3) 

and  the  turbulent  Navier-Stokes  equation, 

pV.  VV--VP+V.  T+P  (4) 

Here,  p  is  the  plasma  density,  P  is  the  pressure,  V  is  the  plasma  velocity,  T 
is  the  effective  stress  tensor,  and  P  is  the  Lorentz  force  (JxB).  The  model 
uses  the  K-e  turbulence  model/5/  to  evaluate  x. 

The  conservation  of  energy  may  be  expressed  as; 

pV.  Vh  .  V.  (kVT)  +  Sj-SR  +  Sc  (5) 

where  k  is  the  effective  thermal  conductivity,  and  T  and  h  are  the  plasma 
temperature  and  specific  enthalpy  respectively.  The  temperature  field  is 
influenced  by  the  Joule  heating,  Sj-J.B,  the  radiation  loss,  S^,  and  the  heat 
required  for  chemical  reaction,  S^. 

The  mass  conservation  equation  for  a  general  reacting  species  i  may  be 
expressed  as; 

P  v  .  y  cd  =  v  .  (  d.  y  ci  )  +  r.  (6) 

where  C^,  D^,  and  R^  are  the  mass  concentration,  effective  diffusivity,  and 
volumetric  rate  of  formation  of  species  i  respectively. 

The  thermal  decomposition  of  silicon  tetrachloride  in  plasmas  was  studied 
by  Vurzel  and  Polak/6/.  They  determined  that  the  volumetric  rate  of  depletion 
of  SiCl^  in  kilograms  per  cubic  meter  is; 


RSiC14  "  "p  CSiC14  5  X  10?  ^(-l-ZCxlO^RT)  (7) 

All  calculations  are  performed  for  argon  at  1  atmosphere  and  it  is  assumed 
that  the  concentration  of  the  other  gases  is  low  enough  not  to  affect  the 
properties  of  argon.  The  density  is,  however,  allowed  to  vary  with  the  mass 
fraction  of  SiCl^.  In  order  to  obtain  an  estimate  of  the  silicon  recovery  at 
the  torch  exit  it  assumed  that  the  walls  act  as  perfect  silicon  sinks  and 
that,  consequently,  the  concentration  of  silicon  there  is  zero. 

3.  RESULTS  AND  DISCUSSION 

Calculations  are  described  for  a  hybrid  torch  similar  to  the  one  described 
by  Yoshida  et  al/2/,  sketched  in  Figure.  1.  The  combined  flow  rate  of  argon 
carrier  gas  and  SiCl^  (10X  by  volume)  is  10  1/min  and  the  sheath  gas  flow  rate 
is  20  1/min.  Results  are  presented  for  the  five  cases  summarized  in  Table  I. 

TABLE  I  SUMMARY  OF  MODEL  RESULTS 


Reactor 

RF  Current 

(A) 

RF  Power 

(kV) 

DC  Power 

(kV) 

X  of  SiCl4 

converted 

X  Si 

recovery 

DC 

0.0 

0.0 

0.56 

58 

67 

RF 

115.0 

14.0 

0.0 

100 

30 

HYBRID 

115.0 

16.1 

0.56 

100 

48 

HYBRID 

70.0 

3.56 

0.56 

100 

76 

LEVITATION 

51.0 

3.56 

0.56 

100 

72 

The  predicted  flow  fields  for  the  conventional  DC  and  RF  torches  are  shown 
in  Figure  2.  The  flow  in  the  DC  torch  behaves  as  a  classical  confined, 
turbulent  jet,  while  the  flow  in  the  RF  torch  exhibits  the  characteristic 
recirculating  loop  driven  by  the  Lorentz  force.  The  corresponding  temperature 
fields  are  shown  in  Figure  3.  For  the  DC  torch  the  high  temperature  region  is 
restricted  to  the  very  center  of  the  reactor,  while  the  interior  of  the  RF 
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system  is  almost  completely  filled  by  the  plasma.  Figure  4  shows  the 
corresponding  mass  concentration  distribution  of  silicon.  As  suggested  by  the 
temperature  field,  the  reactions  in  the  DC  torch  occur  in  a  narrow  region 
around  the  periphery  of  the  high  temperature  jet.  This  is  reflected  in  the 
small  percentage  of  silicon  tetrachloride  decomposition.  Furthermore,  the 
computed  silicon  recovery,  which  is  only  about  67X,  suggests  that  the 
recirculating  flow  near  the  torch  exit  causes  significant  deposition  on  the 
walls.  The  silicon  distribution  in  the  RF  torch  shows  that  the  injected  SiCl^ 
is  entrapped  by  the  recirculating  flow  and  is  thermally  decomposed  mainly  at 
the  top  of  the  reactor  along  the  periphery  of  the  fireball.  The  silicon 
produced  is  then  transported  by  the  flow  towards  the  wall  of  the  reactor. 
Although  the  reaction  is  100X  complete,  a  very  large  fraction  (70X)  of  the 
silicon  condenses  on  the  walls. 

The  predicted  flow  and  temperature  fields  for  a  hybrid  torch  operating  at 
the  same  coil  current  as  the  conventional  RF  torch  are  shown  in  Figure  5.  The 
extent  of  the  recirculating  flow  is  considerably  reduced,  and  the  gases  from 
the  DC  torch  penetrate  through  the  center  of  the  fireball.  Except  for  the 
very  center  of  the  reactor  the  nature  of  the  fireball  is  similar  to  that  of 
the  RF  plasma.  Figure  6  shows  the  concentration  distribution  of  silicon, 
which  is  produced  in  a  region  much  deeper  within  the  fireball  than  is  possible 
with  the  RF  reactor.  Although  some  of  the  silicon  is  caught  up  in  the  back 
flow,  the  fraction  deposited  on  the  walls  drops  to  52X  compared  with  70X  for 
the  conventional  RF  torch. 

The  flow  and  temperature  fields  for  a  hybrid  torch  operating  with  a 
reduced  coil  current  are  shown  in  Figure  7.  The  extent  of  the  recirculating 
flow  and  the  plasma  fireball  are  significantly  reduced  with  the  plasma 
fireball  displaced  away  from  the  side  wall.  Despite  the  decrease  in  power  the 
general  characteristics  of  the  high  and  the  low  power  fireballs  are  very 


similar.  The  corresponding  silicon  distribution  is  shown  in  Figure  8  and  the 
concentration  immediately  adjacent  to  the  walls  is  seen  to  be  lower  than  in 
the  high  power  case.  It  is  important  to  note  that  the  conversion  efficiency 
is  unaffected  by  the  power  reduction  while  the  amount  of  silicon  deposited  on 
the  walls  is  halved,  to  IkX  of  the  silicon  produced. 

Figure  9  shows  the  predicted  flow  and  temperature  fields  for  a  levitation 
coil/3/  augmented  by  a  DC  torch.  The  magnitude  of  the  recirculating  flow  is 
reduced  and,  as  expected,  the  upper  edge  of  the  fireball  is  shifted  down,  away 
from  the  top  wall,  and  into  the  coil  region.  Figure  10  shows  the 
corresponding  silicon  concentration.  The  chemical  reaction  occurring  around 
the  periphery  of  the  DC  jet  now  extends  much  deeper  into  the  reactor  before 
being  entrapped  by  the  recirculating  flow.  As  in  all  the  RF  systems  studied, 
the  reaction  is  100*  complete.  The  predicted  silicon  recovery  is  almost  the 
same  as  for  the  low  power  hybrid  reactor  operating  with  a  conventional  coil. 
This  final  case  introduces  the  important  concept  of  flow  and  temperature  field 
modification  through  changes  in  the  coil  design. 
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Figure  1.  Sketch  of  the  hybrid  plasma  reactor  including  dimensions. 


Figure  2 . 


Computed  stream  lines  for  (a)  DC  plasma  torch  and  (b'l  RF  plasma 


Figure  5. 


Figure  6. 


Computed  (a)  stream  lines  and  (b)  temperature  field  for  the  high 
power  Hybrid  reactor. 
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Figure  9.  Computed  (a)  stream  lines  and  (b)  temperature  field  for  the 
levitation  Hybrid  reactor. 
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Figure  10.  Computed  mass  fraction  of  silicon  in  the  levitation  Hybrid 
reactor . 
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Abstract 

Particle  nucleation  and  growth  in  a  plasma  reactor  are  modeled  under  the  assumptions  of 
plug  flow  and  that  the  gas-phase  chemistry  is  decoupled  from  the  aerosol  dynamics.  The  aerosol 
dynamics  equations  are  solved  for  the  case  of  elemental  iron,  including  both  evaporation  and  coag¬ 
ulation  terms  in  the  cluster-balance  rate  equations.  The  size  of  nucleated  particles  is  found  to  be 
significantly  affected  by  the  cooling  rate  and  by  the  initial  monomer  concentration. 

Introduction 

The  dynamics  of  particle  formation  in  a  thermal  plasma  reactor  is  an  important  problem  in 
plasma  synthesis  of  ultrafinc  powders  of  advanced  materials.  A  number  of  factors  can  be  present 
which  make  analysis  of  this  problem  extremely  complicated,  even  aside  from  the  aerosol  dynamics: 
for  example  nonuniform  temperature  and  velocity  profiles,  imperfect  mixing  of  reactants,  and 
finite-rate  chemical  kinetics.  However  considerable  insight  can  be  gained  by  focusing  on  the 
aerosol  dynamics,  considering  an  idealized  plug  flow  reactor  in  which  the  relevant  gas-phase 
chemistry  is  completed  upstream  of  particle  nucleation.  We  treat  the  effect  of  gas-phase  chemistry 
concurrent  with  particle  nucleation  and  growth  in  a  separate  paper1. 

Reactants  in  a  thermal  plasma  reactor,  whether  it  is  of  the  DC  or  RF  type,  may  be  introduced 
upstream  of  the  plasma,  or  injected  directly  into  the  plasma,  or  injected  into  the  tail  flame.  If  the 
reactants  pass  through  the  plasma  core  they  are  exposed  to  temperatures  on  the  order  of  10,000  K. 
The  tail  flame  region  is  cooler,  but  typically  still  above  about  5000  K.  We  assume  that  reactants 
are  completely  vaporized.  Molecular  gases  are  largely  dissociated  in  the  hottest  regions,  but  as  the 
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gas  cools  chemical  reactions  generate  one  or  more  condensable  species.  For  simplicity  we  assume 
that  there  is  only  one  condensable  species.  In  the  absence  of  preexisting  particles,  particle  nucle- 
ation  would  not  be  expected  to  occur  until  the  gas  became  significantly  undercooled  with  respect  to 
the  condensable  species. 

In  previous  work  Girshick,  Chiu  and  McMurry2  applied  a  collision-controlled  model  to  the 
nucleation  and  growth  of  iron  powder  in  a  plasma  reactor.  In  this  approach  cooling  rates  are  as¬ 
sumed  to  be  so  high  that  cluster  evaporation  can  be  neglected.  Unfortunately  an  a  priori  assump¬ 
tion  is  then  required  regarding  the  supersaturation  at  which  nucleadon  occurs.  Recently  efficient 
numerical  techniques  for  solving  the  aerosol  dynamics  equations,  including  simultaneous  evapora¬ 
tion  and  coagulation,  have  been  developed.  We  have  found  these  techniques  to  be  effective  for 
handling  monomer  concentrations  and  coding  rates  typical  of  plasma  reactors. 


Theory 

The  particle  size  distribution  function  is  conventionally  represented  by  n,(r),  i  =  1,2,3,..., 
which  gives  the  number  of  particles  per  unit  volume  of  gas  which  are  comprised  of  i  monomers. 
In  the  non-isothermal  case  it  is  more  convenient  to  follow  the  number  of  particles  per  unit  mass  of 
gas,  .  Accounting  for  coagulation  and  evaporation  the  monomer  population  rate  equation  fol¬ 
lowing  a  fluid  streamline  can  be  written 


^  =  -PA  X  A.  A  +Z(l  +  K)eA 


(1) 


y-2 


where  pg  is  gas  density,  py  (mV1)  is  the  collision-frequency  function  for  collisions  between  i- 
mers  and  j- mers,  &ij  is  the  Kronecker  delta  function  and  Ej  (s’1)  is  the  evaporation  coefficient. 
The  mass  accommodation  coefficient  is  assumed  to  equal  unity. 

For  dimers  and  larger  particles  the  population  balance  equations  can  be  written 


2 


(2) 


% = \pt  XAM  -PA'LP^i  +  £**A+i  -  £A.  *  *  2 

yf  Z  i+y-t  >-l 

As  these  calculations  pertain  to  ultrafine  particles  in  a  hot  gas  with  relatively  long  mean  free 
paths,  the  coagulation  coefficient  was  modeled  by  the  free-molecule  expression3, 

*-&r 

Here  u,  is  the  monomer  volume,  ks  is  Boltzmann's  constant,  T  is  absolute  temperature  and  p,  is 

the  particle  mass  density.  This  expression  assumes  spherical,  electrically  neutral  particles  and  ne¬ 
glects  Lqndon-van  der  Waals  forces.  Sphericity  is  a  reasonable  assumption  for  the  early  stages  of 
nucleation  and  growth  examined  here.  Electrical  neutrality  depends  on  the  absence  of  preexisting 
particles,  which  would  carry  negative  charge  from  the  plasma.  The  neglect  of  dispersion  forces 
pmbably  causes  collision  frequencies  to  be  somewhat  underestimated. 

The  evaporation  coefficient  is  given  by4 

ft  -  ft/".  «p{0[/'1  "  U  -  >)”]}  (4) 

where  ns  is  the  saturation  monomer  concentration,  Mi  is  the  monomer  surface  area  and  a  is  surface 
tension. 

The  calculation  is  sta.  ied  at  a  temperature  where  the  saturation  ratio  equals  unity,  at  which 
point  the  aerosol  is  assumed  to  exist  entirely  as  monomers.  This  choice  of  initial  condition  may  be 
justified  by  the  observation  that  while  a  distribution  of  subcritical  clusters  develops  rapidly  in  the 
calculations,  a  relatively  long  time  elapses  before  homogeneous  nucleation  occurs. 

As  in  Ref.  2  the  present  calculations  are  based  on  elemental  iron.  Data  on  surface  tension 
and  vapor  pressure  were  obtained  from  the  literature5*8. 
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Numerical  method 


We  solved  Eqs.  (1)  and  (2)  by  modifying  the  discrete-sectional  computer  code  written  by 
Rao  and  McMurry7.  Depending  on  input  parameters,  the  total  set  of  equations  consisted  of  10-15 
equations  for  the  discrete  regime  (smallest  sizes),  plus  25-30  equations  to  represent  size  sections 
logarithmically  spaced  by  panicle  volume.  At  each  time  step  the  temperature  was  updated  ac¬ 
cording  to  the  given  cooling  rate,  and  all  temperature -dependent  terms  were  recalculated. 

Results  and  discussion 

We  focus  on  the  results  for  a  single  base  case,  followed  by  cases  in  which  either  the  cool¬ 
ing  rate  or  the  monomer  concentration  was  varied. 

Base  case 

For  the  base  case  we  consider  an  iron  vapor  partial  pressure  of  5  x  10~4  atm  and  a  cooling 
rate  of  30  K/ms.  Figure  1  shows  die  calculated  value  of  the  saturation  ratio  as  the  gas  cools,  where 
the  saturation  ratio  S  at  each  point  is  defined  by  5  =  n/n , .  The  line  in  the  figure  labelled 

"nucleation  suppressed"  indicates  how  the  supersaturadon  would  increase  if  particles  larger  than 
monomers  were  not  allowed  to  form.  The  calculated  saturation  ratio  follows  this  line  closely  until 
the  gas  cools  to  about  1600  K,  corresponding  to  a  supersaturation  of  about  280.  At  that  point  the 
calculated  saturation  ratio  peaks  and  then  drops  rapidly;  by  1400  K  the  calculated  monomer  con¬ 
centration  has  relaxed  to  equilibrium  value. 

To  understand  inis  behavior  it  is  instructive  to  consider  the  critical  size  for  a  stable  nucleus, 
which  is  the  size  for  which  the  condensation  rate  balances  the  evaporation  rate:  smaller  particles 
tend  to  evaporate  and  larger  ones  to  grow.  In  terms  of  particle  diameter  the  critical  nucleus  size  can 
be  written3 


d*  = 


4<Tt>! 
Win  5 
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Figure  2  shows  the  calculated  variation  in  the  critical  cluster  size  k *  (number  of  monomers 
comprising  the  critical  size  nucleus).  In  early  times  the  critical  cluster  size  is  very  large,  and  only 
monomers  and  smaller  clusters  are  present,  so  no  stable  particles  can  form  and  the  supersaturation 
mounts.  But  the  rapid  rise  in  the  supersaturation  eventually  causes  k*  to  drop  to  a  small  value,  in 
this  case  equal  to  12.  When  the  critical  size  becomes  this  small,  there  finally  are  clusters  present 
whose  size  is  equal  to  or  larger  than  k*.  Most  of  the  highly  supersaturated  vapor  condenses  to 
these  particles  in  a  remarkably  short  time,  producing  a  "nucleadon  burst"  This  result  is  seen 
clearly  in  Figure  3.  In  a  very  short  temperature  span  the  mean  particle  size  <k>  jumps  from  essen¬ 
tially  unity  up  to  about  60,000.  Thereafter  growth  follows  the  almost  linear  trend  produced  by 
coagulation8,  for  which  <k>  ~ 

The  detailed  result  of  these  calculations  is  the  evolution  of  the  particle  size  distribution,  as 
shown  in  Figure  4,  in  which  the  distributions  in  the  neighborhood  of  the  nucleadon  burst  are  em¬ 
phasized.  At  7=  1647  K  the  distribution  consists  mostiy  of  monomers,  with  a  monotonically  de¬ 
creasing  distribution  of  subcritical  clusters.  At  1620  K,  less  than  one  millisecond  later,  the  distri¬ 
bution  has  changed  dramatically,  showing  the  sudden  presence  of  stable  particles.  By  1567  K  the 
distribution  has  the  mature  appearance  of  an  aerosol  which  is  growing  by  pure  coagulation.  At  a 
considerably  lower  temperature,  1090  K,  the  distribution  has  shifted  by  coagulation  towards  larger 
particles  with  a  correspondingly  smaller  total  number  density. 

Effect  9f  cwling  rate 

The  time  response  of  the  aerosol  to  the  rise  in  supersaturation  and  resulting  decrease  in 
critical  cluster  size  is  governed  by  collision  rates,  and  thus  varies  inversely  as  the  monomer  con¬ 
centration.  Our  calculations  confirm  that  if  the  cooling  rate  is  increased  for  a  given  monomer  con¬ 
centration,  the  supersaturation  shoots  to  a  higher  value  before  the  nucleation  burst  occurs.  Shoot¬ 
ing  to  a  higher  supersaturation  causes  a  decrease  in  the  critical  nucleus  size  before  the  onset  of  nu¬ 
cleation.  The  result  is  that  a  larger  number  of  mostly  smaller  stable  nuclei  are  made  available  for 
condensation.  Therefore  we  would  expect  a  higher  cooling  rate  to  produce  more  and  smaller  parti- 


cles.  The  calculations  support  this  conclusion,  as  seen  in  Figure  5,  in  which  all  three  cases  assume 
the  same  monomer  concentration  as  in  the  base  case. 

It  is  worth  re-emphasizing  that  we  have  assumed  a  constant  cooling  rate.  In  fact  the  cool¬ 
ing  rate  in  a  plasma  reactor  would  typically  be  expected  to  decrease  in  the  flow  direction:  it  can  be 
on  the  order  of  106  K/s  in  the  plasma  core  and  less  than  103  K/s  at  the  reactor  exit.  Since  the 
cooling  rate  effect  on  nucleation  appears  to  be  strong,  we  conclude  that  the  local  cooling  rate  at  the 
location  of  the  nucleation  burst  is  an  important  determinant  in  the  final  size.  - 

Effect  of  monomer  concentration 

The  discussion  above  suggests  that  increasing  the  monomer  concentration  should  have  an 
effect  opposite  to  increasing  the  cooling  rate.  Comparing  the  base  case  to  a  case  with  the  same 
cooling  rate  but  twice  the  monomer  concentration,  our  calculations  show  that  the  base  case  super¬ 
saturation  peaks  at  a  value  of  about  280,  whereas  the  higher  concentration  case  peaks  at  about  190. 
Therefore  increasing  the  monomer  concentration  results  in  the  nucleation  of  larger  particles,  as  seen 
in  Figure  6. 

Conclusions 

We  have  considered  an  idealized  view  of  a  plasma  reactor  in  which  the  flow  field  is  one¬ 
dimensional,  the  relevant  chemistry  is  completed  before  homogeneous  nucleation  occurs,  and  there 
is  only  one  condensing  species.  We  found  that  homogeneous  nucleation  from  the  vapor  phase  in  a 
plasma  reactor  can  be  expected  to  occur  as  a  rapid  event  in  which  a  large  number  of  particles  are 
suddenly  formed  by  condensation  to  stable  clusters  and  particles.  The  size  and  number  of  nucle¬ 
ated  particles  can  be  significantly  affected  by  two  factors,  the  cooling  rate  at  the  location  of  nucle¬ 
ation  and  the  monomer  concentration.  Lower  local  cooling  rates  and  higher  concentrations  both 
favor  the  nucleation  of  larger  particles.  The  nucleation  burst  is  followed  by  steady  growth  by  co¬ 
agulation. 
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Figure  5 

Comparison  of  mass-mean  diameters  for  three  values  of  the  cooling  rale. 
Monomer  concentration  is  same  as  in  base  case. 
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Figure  6 

Effect  of  monomer  concentration  on  mass-mean  diameter. 
Cooling  rate  is  same  as  in  base  case. 
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FORMATION  OF  REFRACTORY  AEROSOL  PARTICLES 
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Abstract 

The  formation  of  refractory  particles  by  gas  phase  chemical  reactions  in  high 
temperature  systems  is  examined  using  thermal  decomposition  reactions  as  sources  of 
vapor  species  which  nucleate  forming  small  particles  that  grow  by  coagulation  and  vapor 
deposition.  Particles  are  formed  from  the  products  of  gas  phase  reactions  by  homogeneous 
nucleation.  Aggregate  particles  formed  by  coagulation  have  a  fine  structure  that  is 
determined  by  the  aggregation  kinetics  and  the  rate  at  which  the  aggregates  coalesce  or 
sinter  within  the  reactor. 

Introduction 

Refractory  particles  are  frequently  synthesized  through  gas  phase  processes  that 
lead  to  the  formation  of  an  aerosol  of  fine  particles.  The  nature  of  the  particles  depends 
strongly  upon  the  processing  environment  and  the  properties  of  the  product  material 
While  considerable  effort  has  been  invested  in  the  synthesis  of  the  ideal  powder,  i.e.,  one 
consisting  of  nonagglomerated  spherical  particles  of  controlled  composition  and  particle 
size,  such  particles  remain  an  elusive  objective.  In  particular,  the  product  particles 
frequently  consist  of  hard  agglomerates.  The  dynamics  of  such  agglomerate  particles  are 
not  fully  understood. 

Recent  efforts  in  our  laboratory  have  demonstrated  that  nucleation  can  be 
suppressed  by  careful  control  of  the  reaction  kinetics  during  the  growth  of  seed  particles, 
although  the  particles  thus  produced  were  not  the  dense  spheres  sought,  but  rather  were 
low  density  floes1  The  origin  of  these  agglomerates  was  attributed  to  the  deposition  of 
small  clusters  of  less  than  a  few  nanometers  diameter  during  the  growth  process.  Sintering 
or  coalescence  of  the  deposited  clusters  were  apparently  so  slow  that  the  particle  density 
could  not  be  maintained  during  the  growth  process. 

Materials  with  low  melting  points  form  dense  particles  much  more  readily  than  do 
more  refractory  particles.  Haggerty  and  coworkers^'4  have  demonstrated  that  dense 
particles  of  silicon  could  be  grown  by  laser  induced  reactions,  but  agglomerate  particles 
were  likely  to  be  formed  when  silicon  carbide  or  silicon  nitride  were  generated.  Dense 
silicon  nitride  particles  could,  however,  be  generated  if  ammonia  were  introduced  after  the 
particles  were  formed  by  silane  pyrolysis.  In  this  mode  of  particle  synthesis,  the  dense 
silicon  particles  formed  by  sintering  of  agglomerated  formed  by  Brownian  coagulation  are 
subsequently  reacted  with  ammonia  to  form  the  nitride,  thereby  eliminating  the  need  to 
achieve  reaction  conditions  under  which  the  refractory  silicon  nitride  particles  would 
coalesce. 
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The  evolution  of  the  particle  structure  in  ceramic  powder  synthesis  is  only  partially 
understood.  The  processes  involved  include  gas  phase  chemical  reactions  which  produce 
condensable  products  and  intermediates  that  can  undergo  surface  reactions,  particle 
inception  or  nucleation,  particle  growth  by  condensation,  surface  reactions,  and 
coagulation,  and  the  coalescence  of  agglomerate  particles  formed  by  coagulation.  The 
nature  of  the  particles  synthesized  can  be  confused  depending  upon  the  analytical  methods 
employed  to  determine  size  distribution  and  particle  structure.  Microscopic  examination  of 
refractory  particles  synthesized  by  aerosol  routes  frequently  reveals  the  presence  of  small 
spherules  of  approximately  uniform  size,  whereas  direct  measurement  of  particles  in 
suspension  in  the  carrier  gas  will  reveal  that  the  separately  identifiable  particles  are  low 
density  agglomerates  of  the  small  spherules.  Resuspension  of  collected  particles  in  liquid 
for  sedimentation  or  optical  analysis  does  not  necessarily  recover  this  structure. 

Erroneous  interpretation  of  particle  formation  mechanisms  have  resulted  from 
reliance  on  the  scales  observable  in  aggregate  samples  of  the  powders.  Ulrich  and 
coworkers5'7  made  observations  of  silica  particle  growth  in  flame  synthesis  of  fume  silica 
using  gas  adsorption  measurements  of  the  surface  areas  of  collected  powder  samples. 
These  observations  led  to  the  conclusion  that  the  well  established  expressions  describing 
the  coagulation  of  particles  that  are  comparable  in  size  to  the  mean  free  path  of  the  gas 
molecules  are  not  valid,  at  least  for  the  environment  of  flame  synthesis.  This  conclusion 
was  disproved  in  the  later  papers  in  which  direct  in  situ  observations  of  particle  size  were 
made  using  light  scattering  methods.  More  recently,  Flint  and  Haggerty9  have  suggested 
that  collisions  between  particles  in  the  laser  synthesis  of  silicon  powders  become  elastic 
once  the  particle  temperatures  drop  below  the  melting  point,  an  attempt  to  resolve  the  abrupt 
transition  in  particle  fine  structure  that  occurs  at  that  point. 

In  this  paper,  we  examine  some  of  the  facets  of  particle  formation  that  determine  the 
ultimate  structures  of  the  product  particles,  and  attempt  to  resolve  some  of  the  confusion 
that  has  developed  in  description  of  ceramic  powder  synthesis  by  aerosol  processes 
beginning  with  gaseous  precursors.  Some  of  the  processes  discussed  are  also  important  in 
atomization-based  powder  synthesis,  but  the  special  problems  associated  with  liquid 
precursors  will  not  be  discussed  here. 


Chemical  Kinetics 

To  produce  a  powder  by  reaction  of  a  gaseous  precursor,  the  reaction  is  initiated  by 
heating  the  gases,  mixing  reactants,  photolysis,  etc.  The  chemical  processes  involved  in 
the  formation  of  condensable  species  are  rarely  understood  in  detail.  One  reaction  system 
that  has  received  considerable  attention  and  can,  therefore,  be  used  as  an  example  is  the 
thermal  decomposition  of  silane  gas,  a  reaction  that  is  used  in  the  laser  driven  synthesis  of 
silicon,  silicon  carbide,  and  silicon  nitride  powders  as  well  as  the  production  of  those 


powders  in  thermal  reactors.  Coltrin  and  coworkers10-1 1  have  published  a  detailed  reaction 
mechanism  for  this  system.  The  mechanism  begins  with  the  unimolecular  decomposition 
of  silane, 

kl 

SiH4 - - — >  SiH2  +  H2 

Twenty  six  other  reactions  leading  to  the  formation  that  contribute  significantly  to 
the  formation  of  silicon  have  been  identified,  and  rates  for  these  individual  reactions  have 
been  measured  or  estimated.  Rate  equations  can  be  written  for  each  of  the  many  species 
involved  and  integrated  to  follow  the  time  varying  gas  composition  although,  in  the 
chemical  vapor  deposition  environment  they  examined,  it  has  been  found  that  the  silane 
decomposition  could  be  described  by  a  constrained  equilibrium  which  shifts  relatively 
slowly  at  a  rate  determined  by  the  kinetics  of  the  unimolecular  decomposition  reaction.10 
Thus,  only  the  progress  of  this  initial  reaction  need  be  followed  in  detail  to  reproduce  the 
essential  features  of  this  reacting  system. 

This  reaction  is  highly  temperature  dependent  due  to  its  62  kcal/mole  activation 
energy,  proceeding  slowly  at  low  temperatures  and  more  rapidly  at  high  temperature.  In 
order  to  cause  the  silane  to  decompose,  it  is  necessary  to  heat  the  reactant.  Plasma,  laser, 
and  convection  heating  have  all  been  applied  to  this  system.  In  the  plasma  and  laser 
reaction  systems,  the  reactants  are  heated  to  sufficiently  high  temperature  that  the  silane  is 
quickly  consumed,  but  slower  heating  in  thermal  reactors  leads  to  a  more  gradual 
conversion  of  silane  to  silicon.  Instantaneous  reaction  may  be  a  reasonable  approximation 
in  the  former  cases,  but  the  reaction  kinetics  must  be  followed  to  describe  the  latter  system 
accurately. 

For  many  systems  of  interest,  the  reaction  kinetics  are  not  well  understood.  Even 
for  the  silane  system,  the  kinetics  are  incompletely  known  when  additional  reactants  are 
introduced  to  produce  the  carbide  or  nitride  powders.  Metal  alkoxide  vapors  are  well 
known  as  sources  for  high  purity  metal  oxide  particles,  but  the  thermal  decomposition 
kinetics  are  not  understood.  A  qualitative  understanding  of  the  reaction  process  can, 
however,  guide  the  identification  of  reactor  operating  conditions  that  lead  to  the  formation 
of  high  quality  powder,  and  reactor  optimization  is  greatly  facilitated  by  the  generation  of 
even  approximate  reaction  rate  expressions. 

Aerosol  Dynamics 

(i)  Particle  Inception 

Particle  inception,  the  formation  of  new  particles  directly  from  the  vapor  phase,  is 
frequently  modeled  using  the  classical  theory  of  homogeneous  nucleation,  although  for  the 
conditions  encountered  in  aerosol  reactors,  key  assumptions  of  this  model  are  frequently 
inappropriate.  This  theory  describes  the  growth  of  clusters  by  the  condensation  of 
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monomers.  The  smallest  clusters  are  thermodynamically  unstable  due  to  their  large  surface 
free  energies,  hence  they  tend  to  evaporate  as  rapidly  as  they  are  formed.  Only  a  few 
survive  long  enough  to  grow  to  larger  sizes.  Eventually  some  of  the  clusters  become  large 
enough  to  become  thermodynamically  stable.  The  critical  cluster  radius  is 
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where  a  is  the  surface  tension,  vm  is  the  monomer  volume,  and  S-PJP sat  is  the 
saturation  ration.  Clusters  larger  than  this  size  grow  rapidly.  This  critical  cluster  size  and 
the  populations  of  clusters  of  various  sizes  are  generally  calculated  using  the  macroscopic 
surface  tension  to  describe  the  thermodynamics  of  clusters  down  to  atomic  dimensions,  a 
highly  questionable  assumption. 

In  the  synthesis  of  refractory  powders  by  gas  phase  reactions,  the  critical  cluster 
size  is  frequently  estimated  to  be  of  atomic  dimensions  because  the  reactions  produce 
condensable  vapors  at  concentrations  far  above  the  equilibrium  vapor  pressure.  For  such 
high  supersaturations,  the  evaporation  of  even  the  smallest  clusters  is  unlikely,  at  least  once 
the  excess  energy  of  the  colliding  molecules  is  exchanged  by  collisions  with  the 
background  gas.  In  this  circumstance,  the  classical  nucleation  theory  is  inappropriate. 
Instead,  one  may  model  cluster  growth  as  a  kinetic  process  involving  cluster-monomer  and 
cluster-cluster  coagulation. 

(ii)  Particle  Growth 

The  growth  of  aerosol  particles  involves  two  major  processes,  coagulation  and 
condensation  or  vapor  deposition.  Coagulation  describes  the  collision  and  sticking  together 
of  particles.  The  primary  mechanism  of  coagulation  of  fine  particles  is  Brownian 
coagulation  which  occurs  when  the  random  Brownian  motions  of  the  particles  brings  two 
particles  into  contact  with  one  another.  When  particles  in  the  micron  size  range  come  into 
contact,  van  der  Waals  forces  bind  them  strongly  together,  so  the  sticking  probability  of 
uncharged  particles  is  generally  very  near  unity.  Condensation  and  vapor  deposition  refer 
to  the  special  processes  of  particle  growth  by  diffusion  of  molecular  species  to  the  particle 
surfaces. 


For  refractory  particles,  the  distinction  between  these  two  mechanisms  becomes 
vague  since  the  critical  cluster  or  smallest  particle  that  is  thermodynamically  stable 
approaches  atomic  dimensions.  In  this  case,  particle  growth  by  monomer  addition  can  be 
treated  as  an  irreversible  process  of  monomer-particle  coagulation.  Wu  and  Flagan12  have 
recently  presented  a  computationally  efficient  description  of  such  cluster  growth  in  which 
the  smallest  clusters  were  represented  as  discrete  particle  sizes  (monomer,  dimer,  trimer, 
etc.)  and  the  larger  particles  were  represented  using  a  sectional  (or  histogram) 
approximation  to  a  continuous  particle  size  distribution  function.  With  this  model,  the 
suppression  of  nucleation  by  growing  seed  particles  and  the  abrupt  transition  to 


catastrophic  nucleation  in  the  silane  pyrolysis  system  was  accurately  predicted.  Several 
simplified  models  of  particle  dynamics  have  been  proposed.  For  the  special  case  of  very 
rapid  reaction,  particle  growth  can  be  described  as  a  coagulation  process  which  is  well 
described  by  the  so-called  self-preserving  particle  size  distribution  model12  Moments  of 
the  particle  size  distribution  function  can  be  used  for  efficient  calculation  of  aerosol 
evolution  in  the  more  general  case  of  finite  reaction  kinetics13'14 

(iii)  Particle  Structure 

The  structure  of  solid  particles  undergoing  coagulation  has  been  the  subject  of 
numerous  theoretical  and  experimental  studies,  but  many  questions  remain  unresolved.  We 
consider  first  the  coagulation  of  small  spheres  that  retain  their  integrity  as  the  particles 
grow.  When  two  particles  collide,  they  form  a  doublet.  Subsequent  coagulation  events 
add  more  spherules  to  the  growing  cluster  in  a  random  way,  but  certain  patterns  evolve. 
Figure  1  illustrates  an  agglomerate  particle  that  has  undergone  several  generations  of 
growth  by  addition  of  previously  formed  clusters,  indicated  as  alternating  light  and  dark 
structures.  The  particle  that  results  is  a  low  density  aggregate  because  the  outermost 
spheres  shield  the  interior  of  the  aggregate  reducing  the  probability  that  new  particles  can 
diffuse  into  the  core  of  the  particle.  Such  aggregates  are  frequently  fractal  in  nature,  with 
the  mass  within  a  distance  R  from  the  center  of  mass  of  the  aggregate  scaling  as 
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where  D,  the  so-called  fractal  dimension,  is  smaller  than  the  geometric  dimension  of  3. 
The  precise  value  of  D  depends  upon  the  physical  processes  that  govern  the  growth  of  the 
aggregate  and  on  any  rearrangements  (such  as  sintering)  that  occur  after  the  aggregate 
begins  to  form.  Numerous  theoretical  studies  of  diffusion  limited  aggregation  (growth  of 
the  aggregate  by  addition  of  individual  spheres)  and  of  cluster-cluster  aggregation  have 
been  reported.15*17  The  former  mechanism  leads  to  relatively  dense  particles  with  £>=2.4, 
while  the  latter  mechanism  typically  results  in  D= 1.8.  When  aerosols  produced  in  high 
temperature  systems  are  carefully  sampled  to  retain  the  integrity  of  the  individual 
aggregates,  such  fractal  structures  are  invariably  observed.  The  structures  of  soot,  fume 
silica,  ceramic  powders,  and  other  refractory  materials  generally  appear  to  be  low  density 
and  low  fractal  dimension  floes  typical  of  cluster-cluster  aggregation,  although  dramatically 
different  structures  can  be  produced  under  special  circumstances.  A  notable  example  is  the 
growth  of  very  large  aggregates  of  higher  apparent  fractal  dimension  in  aerosol  reactors  in 
which  new  particle  formation  was  suppressed  as  seed  particles  were  grown.1  Those 
particles  were  formed  by  deposition  of  clusters  that  were  smaller  than  about  10  nm  diameter 
onto  particles  that  ultimately  approached  100  nm  in  extent,  closely  approximating  the 
conditions  of  the  diffusion  limited  aggregation  model. 

Aggregate  particles  do  not  have  an  invariant  structure.  At  high  temperatures,  the 
aggregates  can  sinter,  increasing  the  fine  structure  scale  and  the  aggregate  density.  At 
temperatures  above  the  melting  point,  the  particles  may  coalesce  into  dense  spheres  as 


observed  in  both  laser  and  plasma  synthesis  of  silicon  powders.  At  the  extreme 
temperatures  of  plasma  reactor*,  evaporation  of  the  particulate  material  is  also  possible.19 
Thus,  a  spectrum  of  particle  structure  parameters  can  be  expected  in  the  growth  of 
refractory  particles  as  aerosols,  depending  upon  the  details  of  the  thermal  processing 
environment  and  growth  kinetics. 

Experimental  Investigations 

The  evolution  of  particles  formed  under  conditions  of  coagulation  dominated 
growth  has  been  studied  using  silicon  aerosols  formed  in  a  nonisothermal  silane  pyrolysis 
reactor,  operated  with  sufficiently  rapid  temperature  increase  that  most  of  the  reactant 
contributed  to  new  particle  formation,  and  in  pyrolysis  of  metal  alkoxide  vapors  under  a 
variety  of  temperature  ramps.  Experimental  observations  included  electron  microscopy  of 
aggregate  samples  of  the  product  powder  and  analysis  of  the  aerosols  while  still  entrained 
in  the  carrier  gas. 

Measurement  of  the  sizes  of  particles  as  they  are  present  in  the  reactor  gases  is 
necessary  if  one  is  to  assure  that  large  agglomerates  are  not  present.  Agglomerates  that  are 
formed  during  high  temperature  processing  can  be  expected  to  be  strong  agglomerates  due 
to  sintering  or  bonding  by  vapor  deposition,  while  those  formed  in  collection  systems  at 
low  temperatures  are  much  more  likely  to  be  readily  dispersed.  Methods  for  the 
measurement  of  particles  entrained  in  a  gas  include  in  situ  optical  methods  from  which  one 
can  estimate  mean  concentrations,  moments  of  the  particle  size  distribution,  and  structure 
parameters  such  as  the  fractal  dimensionality  of  the  mass  distribution  in  the  particles. 
Optical  measurements  of  the  sizes  of  individual  particles  can  be  made,  at  least  for  particles 
larger  than  about  0.3  Jim,  provided  the  number  concentration  is  low  enough  that  the 
probability  of  more  than  one  particle  being  present  in  the  view  volume  at  any  time.  This 
limits  the  number  concentration  to  less  than  about  109  m‘3-  a  level  that  is  exceeded  in  most 
aerosol-based  particle  synthesis.  To  obtain  high  resolution  measurements  of  the  particle 
size  distribution,  one  must  generally  extract  a  portion  of  the  gas  flow  and  pass  that  through 
an  aerosol  measuring  device.  With  extractive  sampling,  one  can  dilute  the  aerosol  sample 
to  facilitate  optical  sizing  of  individual  particles.  Instruments  capable  of  sizing  particles 
ranging  from  a  few  nanometers  to  1  nm  in  size  measure  the  electrical  mobility  of  the 
particles.  In  this  method,  the  charged  particles  are  classified  according  to  their  drift 
velocities  in  an  electric  field.  Mobility  analyzers  are  generally  calibrated  using  dense 
spherical  particles,  so  the  size  inferred  by  this  method  may  differ  significantly  from  that  that 
would  be  measured  using  electron  microscopy. 

Figure  2  shows  the  particle  size  distributions  estimated  using  the  TSI  Differential 
Mobility  Classifier  with  a  TSI  Condensation  Nuclei  Counter  as  a  detector  for  a  silicon 
aerosol  produced  by  silent  pyrolysis.  The  same  temperature  profile  along  the  reactor  wall 
was  used  for  all  experiments.  Two  observations  are  reported  for  each  of  the  silane 
concentrations  in  nitrogen  carrier,  indicating  the  reproducibility  of  the  data  from  day  to  day. 
For  a  relatively  low  silane  concentration,  Particles  with  a  mean  size  of  about  50  nm  were 


generated.  Increasing  the  silane  concentration  to  0.1%,  the  mean  size  increases  to  about 
100  nm,  and  the  number  concentration  increases  somewhat.  Figure  3  compares  the  mean 
sizes  determined  by  the  mobility  method  with  the  spherule  size  inferred  using  transmission 
electron  microscopy.  While  the  agglomerate  size  increases  with  reactant  concentration,  the 
agglomerate  fine  structure  size  actually  decreases  somewhat,  from  18  nm  for  0.01%  silane 
to  14  nm  for  1%  silane. 

The  inferred  agglomerate  sizes  differ  from  the  size  that  would  be  inferred  by 
electron  microscopy.  Schmidt-Ott19  recently  reported  observations  of  the  thermally 
induced  rearrangements  of  silver  agglomerates  that  provide  insights  into  the  relationship 
between  the  mobility  size  ( R0 )  and  mass  (dense  sphere)  equivalent  size  ( Rv )  for 
agglomerate  panicles.  His  results  suggest  that  R0  and  Rv  can  be  related  through  a 
simple  model  of  the  drag  forces  acting  on  aggregate  spheres. 

Conclusions 

Aerosols  are  central  to  a  number  of  processes  for  the  synthesis  of  ceramic  powders 
including  plasma,  laser,  and  thermal  reaction  systems.  The  nature  of  the  particles  generated 
is  determined  by  chemical  kinetics,  particle  inception  or  nucleation,  coagulation  to  form 
agglomerate  panicles,  and  coalescence  of  those  agglomerate  panicles.  While  the  reaction 
kinetics  are  rarely  known  in  detail,  the  essential  features  are  frequently  understood.  The 
dynamics  of  refractory  aerosols  is  also  incompletely  understood.  A  distinction  must  be 
drawn  between  the  size  of  the  particle  present  in  the  aerosol  phase  and  the  size  of  the 
smaller  structures  present  in  agglomerate  particles.  The  former  relates  to  the  total  mass  of 
the  particle  that  would  be  formed  if  the  particle  were  completely  densified,  although  this 
relationship  depends  on  the  fractal  structure  of  the  agglomerate.  The  latter  is  an  indication 
of  the  extent  to  which  sintering  or  coalescence  has  taken  place  during  particle  formation. 

In  order  to  understand  the  formation  of  powders  by  aerosol  processes,  the  particle 
properties  must  be  measured  while  the  particles  are  still  entrained  in  the  carrier  gas  flow. 
The  formation  of  hard  agglomerates  by  sintering  or  vapor  deposition  is  quite  likely  as  long 
as  such  agglomerates  are  maintained  at  temperatures  at  which  reactions  continue  or  which 
approach  the  melting  point  of  the  material  in  question. 
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Figure  1 .  Illustration  of  the  agglomerate  structure  that  results  by  successive  agglomeration 
events  between  clusters. 
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Figure  2.  Size  distributions  measured  using  TSI  Condensation  Nuclei  Counter  as  a 
detector  at  the  outlet  of  the  silane  pyrolysis  reactor.  The  reported  diameter  is  the  mobility 
equivalent  diameter,  i.e.,  that  of  a  dense  sphere  with  the  same  charge  to  aerodynamic  drag 
ratio. 


.2 


<£>  MOBILITY  EQUIVALENT  DIAMETER  (DMA) 
0.1525f  ^  PRIMARY  PARTICLE  DIAMETER  (TEM) 


Initial  silane  cone.  (K) 


Figure  3.  Comparison  of  mobility  equivalent  diameters  of  Fig.  1  with  die  fine  structure 
scales  determined  by  transmission  electron  microscopy  on  samples  obtained  from  the  same 
experiments. 
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ABSTRACT 

A  flow  reactor  has  been  used  to  produce  ceramic  powders  from  gas  or  vapor  phase  reactants. 
Experiments  have  been  carried  out  to  produce  powders  of  silicon,  silicon  nitride  and  aluminum  nitride. 
The  product  powder  was  characterized  in  terms  of  particle  size  and  chemical  composition.  The  powders 
were  typically  submicron  in  size;  the  chemical  composition  of  the  powders  was  observed  to  be  sensitive 
to  processing  parameters.  An  analytical  model  for  aerosol  growth  has  been  used  to  simulate  the 
particle  growth  in  the  reactor. 

INTRODUCTION 

One  of  the  simplest  forms  of  an  aerosol  flow  reactor  is  a  heated  tube  into  which  gas  reactants 
are  metered.  Typically,  the  product  of  the  reaction  has  a  very  low  vapor  pressure  which  leads  to  the 
nucleation  of  new  particles.  These  particles  remain  dispersed  in  the  gaseous  medium,  and  are  called 
aerosols.  The  aerosol  particles  collide  and  form  clusters  or  larger  spheres.  This  process  reduces  their 
number,  while  increasing  the  size  of  each  unit.  The  operating  conditions  of  the  flow  reactor  can  be 
varied  to  control  the  gas  phase  chemical  reactions  and  ultimately  the  characteristics  of  the  product 
particles. 

In  the  present  study,  an  aerosol  flow  reactor  has  been  used  to  produce  powders  of  silicon, 
silicon  nitride  and  aluminum  nitride.  The  size  distributions  of  the  product  particles  were  then  measured. 
The  chemical  composition  of  silicon  nitride  has  been  analyzed  by  x-ray  fluorescence.  Preliminary 
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experiments  also  indicate  that  it  is  feasible  to  produce  aluminum  nitride  in  this  reactor. 

RATIONALE  AND  BACKGROUND 

Silane  and  silicon-chlorine  compounds  are  commonly  used  in  silicon  and  silicon  nitride 
production.  In  this  study  silane  was  used  for  the  production  of  silicon  powder.  Silane  and  ammonia 
were  used  for  the  production  of  silicon  nitride.  Aluminum  compounds  with  ammonia,  nitrogen  and 
hydrogen  gases  were  used  in  the  production  of  aluminum  nitride  powders. 

The  overall  reaction  involving  the  thermal  pyrolysis  of  silane  is: 

SiH4(g)  -  Si(s)  +  2Hj,(g)  (1) 

while  that  for  synthesizing  silicon  nitride  is: 

3  SiH4(g)  +  4NH3(g)  -  SfeN^s)  +  12  H^g)  (2) 

Conversion  if  silane  to  silicon  is  rapid  at  temperatures  above  BOO  K  [1],  In  regard  to  Equation  2,  550°C 
is  the  lowest  temperature  which  gives  an  appreciable  yield  of  silicon  nitride.  700°  to  900°C  is  a  typical 
temperature  range  for  the  conversion  of  silane  and  ammonia  to  silicon  nitride. 

Alam  and  F lagan  [1]  designed  an  aerosol  reactor  to  produce  silicon  particles.  Wu  [2]  studied 
the  synthesis  of  silicon  powder  in  a  flow  reactor  from  the  perspective  of  ceramic  application.  The 
objective  was  the  production  of  uniform,  spherical,  nonagglomerated  submicron  particles  with  high 
purity.  The  basic  reactor  design  was  similar  to  that  used  by  Alam  and  Flagan  [1]. 

Prochazka  and  Greskovich  [3]  experimented  with  the  production  of  high  purity  silicon  nitride. 
Their  reactor  consisted  of  a  3.8  cm  ID,  fused  silica  tube  heated  over  a  25  cm  length  by  a  single  zone 
resistance  furnace.  Silane,  ammonia,  and  argon  (diluent  gas)  were  metered  into  the  reactor.  No 
appreciable  reaction  was  observed  below  500°C.  Maximum  temperature  in  the  experiments  was  920°C. 
For  NH3/SiH4  ratios  less  than  10  (by  volume)  the  product  was  brown  to  orange,  indicating  some  free 
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silicon.  With  NltySil-^  ratios  over  10,  the  powders  were  white  to  tan.  The  composition  of  the  product, 
and  the  powder  size  distribution,  were  not  analyzed  extensively.  It  was  observed  that  the  diameters  were 
of  the  order  of  1  »«m  and  typical  oxygen  content  was  2%  or  more. 

No  studies  have  been  reported  in  synthesis  of  aluminum  nitride  by  a  flow  reactor.  Mitomo  et 
al.  [4]  investigated  the  reduction  of  alumina  by  carbon  in  the  presence  of  nitrogen  to  produce  aluminum 
nitride.  For  an  aerosol  reactor,  the  reactants  must  be  in  ti>e  vapor  phase.  Organometailic  compounds 
can  be  volatilized  easily,  but  such  compounds  contain  oxygen,  which  is  undesirable  in  the  product. 
Aluminum  chloride  is  a  suitable  volatile  compound  for  the  flow  reactor.  The  complementary  reactants 
are  ammonia  and/or  nitrogen. 

EXPERIMENTATION 

The  reactor  (Figure  1)  consists  of  a  2.2  cm  ID  quartz  tube  passing  through  two  electric  furnaces. 
The  first  furnace  is  a  34  cm  long  resistance  furnace  (Lind berg  model  55031).  ft  is  followed  by  a  93  cm 
long,  single  zone  furnace  (Undberg  vertical  tube  furnace,  model  544 53- V).  The  reactor  tube  is  followed 
by  a  filter  collector  lor  separating  the  powder  from  the  flow.  The  gases  for  the  flow  reactor  were  first 
purified  by  removal  of  oxygen  and  water  vapor.  In  some  runs  a  molecular  sieve  was  also  used  for 
purification.  All  joints  in  the  flow  system  were  checked  with  a  leak  detector  (Gow  Mac,  model  21-250). 

Topical  operating  temperatures  and  resulting  product  colors  are  shown  in  Table  1.  The 
residence  times  in  the  reactor  varied  from  1  to  5  seconds.  For  silicon  powder  production,  excess  of 
argon  was  used  as  diluent.  In  producing  nitride  powders,  excess  of  ammonia  and/or  nitrogen  were 
used.  In  addition,  aluminum  organometailic  compounds  and  aluminum  chloride  were  used  in  the 
production  of  aluminum  nitride.  Experiments  in  production  of  Aluminum  Nitride  are  still  in  progress; 
results  presented  here  are  obtained  from  the  first  set  of  experiments. 

PARTICLE  CHARACTERISTICS 

Particle  diameters  were  measured  by  a  centrifugal  particle  size  analyzer  (Horiba,  CAPA-300)  and 
then  checked  against  the  sizes  indicated  by  transmission  electron  microscopy  (TEM).  An  additional 


benefit  of  TEM  is  that  it  shows  particle  morphology. 


Table  1  Operating  Conditions  for  production  of  Powders _ 

Set  Temperatures(°Ci _  Product 

Powder  Seed  furnace  Primary  Furnace  color 


1 

450 

1000 

brown 

2 

450 

1000 

brown 

3 

500 

1200 

brown 

5 

500 

1300 

dark  brown 

6 

500 

1475 

grey  brown 

1 

500 

900 

whiteAan 

2 

500 

1150 

white/brown 

3 

600 

1150 

white/grey 

4 

500 

750 

tan/white 

5 

600 

850 

brown/white 

6 

500 

800 

brown/rust 

7 

900 

900 

uniform  brown 

8 

800 

800 

tan 

9 

800 

800 

tan/brown 

10 

775 

775 

uniform  tan 

Figures  2a  through  2d  show  the  volume  distribution  of  silicon,  silicon  nitride  and  aluminum 
nitride  powders  produced  in  the  reactor.  It  can  be  seen  that  the  particle  sizes  are  typically  in  the 
submicron  size  range.  From  the  two  results  for  silicon  nitride  (run  #8  and  run  #10),  it  can  be  deduced 
that  processing  parameters  are  extremely  important  in  determination  of  particle  size  distribution.  The 
higher  temperature  tends  to  produce  a  smaller  particle  size. 
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The  size  and  morphology  is  also  determined  by  presence  of  trace  impurities  such  as  oxygen. 
TEM  pictures  show  that,  when  trace  amounts  of  oxygen  are  present  in  the  reactants  used  in  these 
experiments,  chain-like  structures  of  very  small  particles  are  produced.  When  the  reactants  are  properly 
processed  to  remove  impurities,  and  the  temperatures  are  optimized,  the  powders  tend  to  be  clean  and 
spherical.  Figures  3a  &  3b  show  TEM  pictures  of  silicon  and  silicon  nitride.  Some  geometrical  defects 
(dislocations)  can  also  be  observed  in  the  powders.  These  defects  are  not  indicative  of  the  process, 
but  are  governed  by  the  material  and  shape. 

The  variation  of  the  product  particle  characteristics  is  a  function  of  the  reaction  kinetics, 
measured  parameters  such  as  temperature,  and  flow  rates;  impurities  such  as  oxygen  in  the  reactant 
gases  also  change  the  particle  properties.  Reaction  kinetics  of  the  system  are  not  always  available. 
Analytical  modeling  of  this  system  is,  therefore,  rather  difficult. 

ANALYTICAL  PREDICTIONS 

A  number  of  approaches  have  been  adopted  to  calculate  the  formation  and  growth  of  aerosol 
particles  in  a  flow  reactor.  The  solution  tends  to  be  cumbersome  since  the  general  case  of  aerosol 
dynamics  is  described  by  a  nonlinear,  partial  integro-differential  equation  [5].  One  model  which 
simplifies  the  aerosol  dynamics  was  developed  by  Wu  [2]  and  is  called  the  Simplified  Reaction  - 
Coagulation  (SRC)  model. 

The  SRC  model  divides  the  full  range  of  particles  -  small  nuclei  cluster  through  larger  aerosol 
particles  -  into  two  modes:  (i)  particles  or  clusters  newly  formed  as  a  result  of  homogeneous  nucleation 
and  (ii)  those  which  are  growing  by  condensation  and/or  coagulation.  The  information  that  can  be 
obtained  from  this  model  is  the  number  concentrations,  mass  concentrations,  and  the  average 
diameters  The  conservation  equations  for  these  modes  are  solved  to  obtain  an  estimate  of  the  particle 
size  that  could  be  expected  in  the  reactor.  Results  for  a  silicon  nitride  powder  production  experiment 
is  shown  in  Figure  4.  In  this  simulation,  a  first  order  reaction  was  assumed;  with  an  estimate  for  the 
reaction  constant  obtained  by  observing  the  reaction  termination  time  experimentally  [2]. 

The  results  indicate  that  the  final  diameter  of  the  particle  is  expected  to  be  0.66  microns.  This 


is  quite  comparable  to  the  experimental  value  of  0.5  microns  average  diameter  shown  by  centrifugal 
aerosol  analyzer  (run  #10).  The  TEM  pictures,  however,  show  primary  particles  mostly  in  the  size 
range  of  0.2  -  0.4  microns.  This  indicates  agglomeration  of  particles  without  subsequent  fusion. 

CHEMICAL  ANALYSIS 

IR  spectroscopy  was  used  to  determine  the  presence  of  impurities  in  silicon  and  aluminum 
nitride.  It  was  not  particularly  useful  for  silicon  nitride  since  the  O-H  and  N-H  energy  bands  overlap. 
Quantitative  results  were  obtained  by  using  x-ray  fluorescence  techniques  on  silicon  nitride  powders. 
It  was  observed  that  the  initial  runs  in  the  production  of  silicon  powder  showed  significant  amounts  of 
oxygen.  With  greater  control  on  the  reactant  purity  and  flow  system,  the  oxygen  contamination  was 
reduced  to  trace  amounts.  Similar  behavior  was  observed  in  the  aluminum  nitride  product.  Initial 
samples  showed  large  amounts  of  oxygen,  while  the  latter  samples  showed  no  oxygen  peaks. 
Additional  experiments  in  the  synthesis  and  analysis  of  aluminum  nitride  are  currently  in  progress. 

Silicon  nitride  samples  were  analyzed  by  x-ray  fluorescence  to  determine  the  composition.  It 
was  observed  that  the  product  powder  tended  to  be  rich  in  silicon.  The  compositions  were  particularly 
poor  when  the  reactor  was  operated  at  higher  temperatures.  The  theoretical  atomic  ratio  of  silicon  to 
nitrogen  is  0.75.  The  following  ratios  were  observed  in  the  product  from  the  different  runs: 


Atomic  Weight  % 

Run  Si  N  [Si]/[NJ 

Number 


7 

53.5 

39.8 

1.344 

B 

43.8 

48.9 

0.895 

10 

41.1 

52.3 

0.786 

The  gradual  improvement  in  the  composition  was  due  to  process  control  by  improving  the  flow 
purification  and  the  temperature  of  the  reactor.  The  amount  of  oxygen  in  the  sample  was  seen  to  vary 


from  2%  to  6%.  From  the  above  results  it  can  be  concluded  that,  for  this  flow  reactor  system,  the 
optimum  temperature  for  production  of  silicon  nitride  Is  approximately  77S°C. 


CONCLUSIONS 

Silicon,  silicon  nitride  and  aluminum  nitride  powders  have  been  synthesized  from  gas  phase 
reactants  in  an  aerosol  flow  reactor.  The  production  of  dean,  spherical  powder  of  silicon  from  silane 
is  achieved  best  by  using  a  high  sintering  temperature  in  the  final  stages  of  the  reactor. 

The  production  of  silicon  nitride  seems  to  be  best  achieved  at  lower  temperatures,  approximately 
775°C.  Higher  temperatures  result  in  the  production  of  free  silicon.  Preliminary  experiments  in  the 
production  of  aluminum  nitride  have  indicated  that  it  should  be  possible  to  produce  aluminum  nitride 
powders  by  using  an  aerosol  reactor.  The  characteristics  of  the  product  powders  depend  strongly  on 
the  processing  parameters,  and  are  extremely  sensitive  to  reactant  impurities  such  as  oxygen. 

Aerosol  growth  models  can  predict  the  particle  sizes  reasonably  well.  It  would  be  extremely 
useful  to  have  predictive  capabilities  for  particle  morphology.  Present  analytical  models,  however, 
cannot  simulate  such  details  of  particle  growth. 
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Figure  1  Schematic  of  experimental  Reactor  System 


(a)  silicon  run  #6 


(b)  aluminum  nitride  powder 


Figure  2  Volume  distributions  of  powders  as  obtained  from  HORIBA  CAPA-300 


(a)  Silicon  nitride 


(b)  silicon 


Figure  3  TEM  pictures  of  powders 


Figure  4  Average  diameters  of  the  'seed'  particles  as  predicted  by 
SRC  model  for  silicon  nitride  run  #10 
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Abstract 

a  rectangular  version  of  the  counterflow  diffusion  flame 
burner  has  been  developed  and  used  to  study  the  formation, 
nucleation,  and  growth  of  Si02  particles.  Spectroscopic 
methods  were  used  to  measure  temperatures  and  concentrations  of 
stable  intermediates.  Both  dynamic  light  scattering  and  two 
angle  light  scattering  was  used  to  measure  particle  size. 

A  number  of  refractory  materials  are  produced  as  fine  particles  by 
combustion  of  appropriate  precursors.  In  the  pigment  and  reinforcing  agent 
industries,  tens  of  thousands  of  tons  of  Si02 ,  Ti02,  and  Fe203  ,  are  produced 
annually  in  this  way  (1-3).  A  recent  use  of  flame  generated  particles  which 
has  become  commercially  important  is  in  the  production  of  optical  fibers.  They 
are  produced  by  generating  Si02-Ge02  fumes  which  are  deposited  as  a  preform, 
treated  to  remove  water  and  other  undesirable  substances,  melted,  and  drawn 
(4,5).  Another  exciting  use  of  flame  generated  refractory  particles  is  in  the 
production  of  starting  materials  for  the  manufacture  of  high-tech  ceramics. 
These  ceramics  are  needed  in  extreme  environments  such  as  internal  combustion, 
gas  turbine,  jet,  and  rocket  engines  (6,7).  They  are  lighter  and  able  to 
withstand  much  higher  operating  temperatures  than  the  best  superalloys  cur¬ 
rently  available. 

We  are  studying  the  processes  controlling  the  flame  generation  of 
refractory  particles  using  the  counterflow  diffusion  flame  burner  (8-13).  This 
burner  (see  Fig.  1)  differs  from  traditional  counterflow  burners  (14-17)  by  its 
rectangular  instead  of  cylindrical  geometry,  its  separate  side  sections,  and 
its  fused  silica  side  windows.  With  this  burner,  the  chemical  and  physical 
processes  controlling  particle  formation,  growth,  and  agglomeration  can  be 
studied  in  a  uniform  and  highly  controllable  flame  environment. 

Our  counterflow  diffusion  flame  burner  consists  of  two  vertically  opposed 
tubes  of  rectangul  ar  cross  section.  F.neli  tube  consists  of  three  channels,  a 
central  main  channel,  and  two  side  channels.  Fused  silica  plates  are  fitted  to 
the  ends  of  the  two  side  channels,  thus  forcing  the  combustion  gases  to  flow 
out  through  the  front  and  back.  Oxidizer  (oxygen  diluted  by  argon)  flows 
downward  from  the  top  tube,  while  fuel  (hydrogen  diluted  by  argon  and  also 
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containing  a  low  concentration  of  the  appropriate  precursor  gas,  eg.,  silane 
(SiH*))  flows  upward  from  the  bottom  tube.  No  precursor  gas  is  added  to  the 
mixtures  which  are  fed  to  the  side  channels.  Flanges  fitted  to  both  top  and 
bottom  of  the  burner  minimize  entrainment  of  surrounding  air  and  keep  the  gas 
outflow  parallel  to  the  burner  surfaces.  A  flame  is  generated  in  the  region 
where  the  two  opposed  gas  streams  impinge.  This  flame  appears  very  flat  and 
uniform  in  the  horizontal  plane.  Temperature  measurements  made  using 
thermocouples  (8)  (see  Figs.  2  and  3)  and  species  concentration  profiles 
measured  by  light  absorption  (9)  (see  Fig.  4)  confirm  this  uniformity. 

There  are  significant  advantages  to  the  use  of  the  rectangular  counterflow 
diffusion  flame  burner  for  studies  of  the  mechanisms  of  particle  formation  and 
generation.  They  are: 

•Both  temperature  and  concentration  distributions  are  uniform  in  a 
horizontal  plane.  Hence  one  is  able  to  use  non- intrusive  measurement 
techniques,  (e.g.,  emission  and  absorption  spectroscopy,  laser  1 ight - scat tering 
and  extinction,  laser  induced  florescence)  to  measure  temperature,  species 
concentrations,  particle  size,  and  particle  concentration.  (The  separate  end 
sections  of  the  burner  are  very  important  for  these  purposes.  They  not  only 
keep  the  temperature  uniform,  they  also  do  not  contain  the  condensable  species. 
Thus  light  beams  that  pass  down  the  long  axis  traverse  uni  form  conditions.) 

•Formation  of  the  condensing  species  by  chemical  reaction,  the  nucleation 
of  particles,  and  the  subsequent  growth  of  these  particles  all  occur  in  an 
essentially  one -dimensional  flow  region. 

•Pyrophoric  compounds  such  as  SiH*  and  Al(CH.,).,  can  be  used.  One  is  thus 
free  to  choose  precursor  materials  on  the  basis  of  other  criteria,  eg.,  rates 
of  reaction,  cost,  safety,  toxicity. 

•Three  key  factors  that  determine  refractory  particle  charac ter i st i cs 
(temperature,  species  concentration,  and  residence  time)  can  he  controlled 
almost  independently  of  one  another.  Temperature  can  be  controlled  by  changing 
the  concentrations  of  the  fuel  and  the  oxidant  in  their  respective  gas  streams 
(i.e.,  by  changing  the  amount  of  diluent  in  either  stream).  Species 
concentrations  can  be  controlled  by  changing  the  concentrations  of  the 
precursor  compound  (e.g.,  SiH*)  in  the  fuel  stream.  Residence  time  can  be 
controlled  by  changing  the  flow  rates  of  the  fuel  and  the  oxidant  gas  streams. 

We  have  used  the  rectangular  counterflow  diffusion  flame  burner  to  study 
the  formation  of  silica  particles.  Hydrogen  (diluted  by  argon)  and  oxygen 
(diluted  by  argon)  were  used  as  the  primary  fuel  and  oxidant,  respectively. 
Small  volumes  of  silane  (SiH4)  were  added  to  the  fuel  stream.  The  oxidation 
of  silane  generated  the  particle  forming  species  (i.e.,  SiO;,).  Particle 
formation  was  monitored  using  laser  light  scattering.  SiO  and  0?  concentra¬ 
tions  were  measured  by  analyzing  their  respective  ultraviolet  absorption 
spectra.  Temperatures  were  measured  by  two  techniques:  measuring  UV  absorption 
spectra  to  determine  the  ground  state  distribution  of  hvdroxvl  radicals  and 
thus  their  rotational  temperature;  using  Pt-lOXRh  thermocouples  and  correcting 
for  radiation  losses.  More  detailed  discussion  of  these  techniques  will  now  be 
presented . 

Light  scattering  intensities  as  functions  of  vertical  position  in  the 
burner  for  various  silane  fuel  ratios  (SiH*  f low/[ H^+SiH*  flow))  are  shown  by 
dashed  curves  in  Figure  5  (taken  from  ref.  8;  see  it  for  a  fuller  explanation). 
No  scattering  is  observed  until  the  silane  fuel  ratio  is  increased  to  O.OOinq 
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(the  dashed  curve  with  squares).  This  fuel  ratio  corresponds  to  a  silane  flow 
fraction  (SiH4  f low/[H2+Ar+SiH4  flow])  of  0.00065.  The  higher  the  silane 
fuel  ratio,  the  stronger  is  the  light  scattering.  (The  progressively  higher 
dashed  curves  in  Figure  5  correspond  to  silane  fuel  ratior  of  0.00403,  0.00441, 
0.00474,  and  0.00592,  respectively.)  Note  that  these  are  total  scattering 
intensities  and  are  not  broken  down  into  information  about  particle  sizes  and 
concentrat ions . 

We  have  measured  the  concentrations  of  various  vapor  phase  species  as  a 
function  of  their  vertical  position  in  the  burner.  Figure  6  shows  the  partial 
pressure  profiles  of  SiO  and  hot  02  (see  ref.  8).  The  SiO  profile  is  for  a 
silane  fuel  ratio  of  0.00474  (i.e.,  a  flow  fraction  of  0.0028).  One  sees  that 
at  Z--7mra  (i.e.  l/2mm  above  the  lower  mouth  of  the  burner),  -a  barely  detectable 
amount  of  silane  has  been  converted  to  SiO.  Higher  up  in  the  flame,  the  SiO 
partial  pressure  rapidly  increases  then  decreases  slightly  and  then  increases 
again.  The  02  partial  pressure  profile  drops  very  rapidly  in  the  main  flame 
region  as  it  is  consumed  by  combustion  with  the  hydrogen. 

OH  concentration  can  also  be  measured.  However  OH  has  an  additional 
important  use.  The  relative  intensities  of  the  various  lines  can  be  used  to 
determine  the  temperature.  Figure  7  is  an  example  of  the  relevant  portion  of 
the  OH  spectrum,  taken  with  the  aid  of  our  microcomputer.  Using  such  spectra 
one  obtains  the  temperatures  shown  as  x  in  Figure  6.  The  temperatures 
denoted  by  o  were  measured  using  a  thermocouple  (and  radiation  corrected). 
Note  their  good  agreement  at  those  temperatures  where  both  techniques  were 
used . 


In  1986,  J.  L.  Katz,  while  on  sabbatical  leave  at  the  National  Bureau  of 
Standards  (today  known  as  the  National  Institute  of  Standards  and  Technology) 
duplicated  the  burner  and  began  a  col  1 aborat i ve  research  program  involving  his 
colleagues  there  and  also,  his  student,  Douglas  Chin.  After  verifying  that 
both  burners  gave  identical  results,  the  availability  of  the  appropriate 
lasers,  FFT  spectrum  analyzer,  etc.,  and  existing  expertise  on  2  angle 
scattering  suggested  concentrating  the  effort  at  the  Bureau  on  obtaining 
particle  sizes  by  in-situ  techniques. 

Techniques  utilizing  light  scattering  from  particles  to  obtain  size  and 
number  densities  include  scattering  to  extinction  ratio,  two  color 
measurements,  polarization  ratio,  and  angular  dissymmetry  (18,19).  These 
techniques  are  generally  referred  to  as  ensemble  elastic  light  scattering  (ELS) 
methods.  Dynamic  light  scattering  (DLS)  methods  (quasi -elastic )  are  a 
relatively  new  development  in  particle  measurement  (20).  We  will  compare  the 
results  of  measurements  obtained  from  DLS  and  light  scattering  angular 
dissymmetry  (LSD)  for  the  in-situ  characterization  of  silica  particle  formation 
in  counterflow  diffusion  flames  after  a  brief  description  of  each  measurement 
method . 

Dyttamic  light  scattering  (20-23),  also  known  as  diffusion  broadening 
spectroscopy,  has  been  used  as  a  means  of  noninvasive  particle  sizing, 
particularly  in  the  measurement  of  soot  formation  (24,25).  The  Brownian  motion 
of  particles  illuminated  with  monochromatic  light  will  cause  fluctuations  in 
the  scattering  field.  One  can  correlate  these  fluctuations  to  the  mean  speed 
or  to  the  particle  diffusion  coefficient,  which,  in  turn,  can  be  related  to  a 
particle  diameter.  The  fluctuating  interference  pattern,  when  imaged  on  a 
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photomultiplier,  produces  a  corresponding  fluctuating  photocurrent  (homodyne) 
which  can  be  processed  directly  by  correlation  methods  (21),  or  low  pass 
filtered  to  remove  sum  frequencies  and  then  Fourier  transformed  to  the 
frequency  domain  spectrum  centered  at  0  Hz. 

For  monodisperse  spherical  particles  unde-going  no  mean  motion,  the 
resulting  power  spectra  in  frequency  space  is  a  Lorentzian  in  form,  centered  at 
0  Hz: 


2  I  2  K2  D/n 

P(a>)  -  -  4  Shot  noise  (1) 

(2K2  D)2  +  o>2 

Here  I  is  the  intensity  of  scattered  light,  D  is  the  partible  diffusion 
coefficient  and  K  is  the  magnitude  of  the  scattered  wave  vector  as  defined  by, 

K  -  sin  8/2,  where  A0  is  the  wavelength  of  the  illuminating  source  and 

8  is  the  scattering  angle  measured  relative  to  the  forward  scattering 
direction.  Diffusion  coefficients  for  the  particles  is  obtained  from  the 
frequency  at  half  maximum  (HU  ■  half  width  @  half  max),  fHW  -  D  K2/w.  For 
spherical  particles,  D  -  kT/f.  For  particles  in  the  continuum  regime  (2/d  « 
1),  the  friction  coefficient  f  for  particle  drag  takes  on  the  familiar  Stokes 
law  form,  f  -  3  »  i/  d,  where  rj  is  the  gas  viscosity,  and  d  the  particle 
diameter.  If  the  particles  are  in  the  free  molecular  regime  (2/d  »  1),  the 
drag  on  a  particle  is  less  than  that  predicted  by  Stokes'  Law.  and  expressions 
derived  from  kinetic  theory  becomes  more  appropriate  (26).  Under  these 
condit ions : 


2d 2  P 

I-  2nkT 

1/2 

na 

1  +  - 

3 

L  M  . 
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where  p  is  the  gas  density,  M  is  the  molecular  weight  and  o  is  the 
accommodation  coefficient  (a  ~  .9).  Note  that  in  going  from  a  particle  in 
continuum  flow  to  one  in  free  molecular  flow  the  friction  coefficient's 
dependence  on  particle  diameter  changes  from  d  to  d2.  In  this  transition 
regime,  an  empirical  interpolation  formula  is  usually  used,  f  -  3?rr7d/C,  where  C 
is  a  slip  correction  factor(27),  C  -  1  4-  [22/d]  (1.257  4  0 . 600exp[ _0 . 55d/2 ) . 

Our  dynamic  light  scattering  system  is  shown  in  Fig.  8.  The  light  source 
is  a  6  W  Argon-ion  laser  operating  at  516.5  ran  with  an  incident  power  of  1.5  W. 
A  polarization  rotator  is  used  to  polarize  the  light  perpendicularly  relative 
to  the  measurement  plane.  The  laser  is  weakly  focused  into  the  scattering 
volume  by  a  500  mm  lens,  resulting  in  a  beam  waist  of  approximately  0.2  mm. 
Scattered  light  is  collected  at  shallow  angles  ranging  from  6  to  10°  from  the 
forward  direction;  spatial  filters  are  used  to  define  the  probe  volume.  The 
scattered  light  is  focused  by  a  10  cm  focal  length  lens  through  a  polarizer  and 
laser  line  filter  and  then  onto  a  photomultiplier. 

If  mean  particle  motion  were  significant,  instead  of  the  lorentzian  used 
above,  the  resulting  Doppler  effect  would  change  the  scattering  into  a  Voigt 
profile  (23).  The  criteria  for  selecting  the  appropriate  fitting  profile  is 
the  ratio  of  the  two  characteristic  times.  rd  (diffusion  time.  »  1/2K2D) 
and  rv  (transit  time  through  laser  beam).  For  our  experimental  conditions,  a 
Lorentzian  fit  is  appropriate  since  typical  transit  times  are  2  msec  and 
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typical  diffusion  times  are  0.02  msec. 

By  measuring  the  angular  dependence  of  scattered  (LSD)  radiation  one  can 
infer  particle  size.  The  method  requires  one  to  know  the  refractive  index  of 
the  scatterer,  which  can  be  a  limitation  when  the  optical  properties  of  th«- 
scatterer  are  not  well  established.  In  order  to  observe  angular  dependence  in 
the  scattered  light,  the  size  of  the  particle  must  be  larger  than  the  Rayleigh 
limit  as  defined  by  the  Mie  parameter  X  >  0.3  (X  «  ird/A).  Also,  the  particles 
are  assumed  spherical . 

The  scattering  intensity  at  an  angle  6  is: 

Qvv  (X.  6)  =  Cvv  (X,  0)N  SR(tf)  (3) 

where  Cvv  (x,  6)  is  the  Mie  scattering  cross-section  for  monodisperse  spheres 
and  the  subscripts  refer  to  the  state  of  polarization  of  the  incident  and 
detected  scattered  light  (v  «  vertical).  N  is  the  total  number  of  scatterers 
and  SR  is  the  system  response  function  of  the  optical  and  electronics  system; 
it  is  obtained  by  calibration  with  a  molecule  of  known  scattering  cross-section 
(ethene).  The  dependence  on  number  density  is  eliminated  by  ratioing  Qvv.  at 
two  different  angles.  Cvv  itself  is  obtained  from  Mie  theory  (28).  Once  a 
particle  diameter  is  determined,  the  scattering  intensity  and  corresponding 
scattering  cross-section  for  any  one  of  the  scattering  angles  may  be  used  in 
equation  (3)  to  obtain  the  number  density.  This  number  density,  in  turn,  may 
be  related  to  a  particle  volume  fraction,  <f> ,  4>  =  xNd3/6. 

The  light  scattering  system  consisted  of  a  4  W  argon-ion  laser  operating 
on  the  514.5  nm  line.  Incident  laser  power  was  set  at  0.5W  and  modulated  with 
a  mechanical  chopper  at  1018  Hz.  A  polarization  rotator  was  used  to  orient  the 
direction  of  polarization  perpendicular  to  the  measurement  plane.  The  beam  was 
focused  using  the  same  optical  arrangement  used  in  the  PL S  experiment,  with 
scattered  light  detected  at  45°  and  135°  relative  to  the  forward  scattering 
direction.  The  detection  optics  at  each  angle  consisted  of  a  polarizer  to 
reject  cross - pol ari zat i on  effects,  a  collection  lens,  n  pinhole  aperture  which 
defined  the  length  of  the  sample  volume  to  be  1  mm,  and  a  laser  line  filter 
centered  at  514.5  nm  (AA  -  lnm  ).  Three  lock-in  amplifiers,  one  each  for  the 
two  scattering  angles  and  the  third  for  the  extinction  leg,  were  used.  The 
outputs  from  the  lock-ins  were  digitized  at  10  Hz  for  10  sec  and  then  sent  to  a 
microcomputer . 

We  have  varied  a  number  of  process  parameters  (temperature.  H2-02  ratio, 
silane  loading,  and  flow  velocity)  and  observed  the  resulting  particle  growth. 
Figure  9  is  an  example  of  the  power  spectrum  obtained  from  a  DL,S  experiment, 
along  with  the  associated  Lorentzian  fit  (solid  curve).  The  vertical  dotted 
line  corresponds  to  the  frequency  at  half  maximum,  from  which  the  particle  size 
is  calculated.  The  spectrum  is  a  32-point  average  of  power  current  fluctuation 
profiles.  A  1  east  -  squares  fit  to  a  Lorentzian  profile  was  made  and  is  also 
plotted  as  the  solid  smooth  line.  From  the  half -width  of  this  fit.  one 
calculates  a  value  for  the  diffusion  coefficient  of  4.45xl0-’4  cma/sec, 
resulting  in  a  particle  diameter  of  0.185pm. 

To  verify  this  result,  a  sample  was  taken  of  the  silica  that  was  flame- 
generated  at  this  location.  A  carbon-coated  grid  placed  on  a  thin  brass  holder 
was  rapidly  inserted  and  then  withdrawn  from  the  flame  zone  The  sample  was 
analyzed  by  transmission  electron  microscopy.  Comparison  of  the  particle  sizes 
determined  from  dynamic  light  scattering  and  from  physical  sampling  show  good 
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agreement . 

Figure  10  presents  a  comparison  of  particle  diameter  measurements  obtained 
using  the  DLS  and  LSD  techniques  for  a  set  of  flame  conditions  resulting  in  a 
peak  temperature  of  about  2500K.  In  addition,  the  calibrated  scattering 
intensity  Qvv  (45°)  is  plotted  for  comparison.  Agreement  between  the  two 
techniques  is  extremely  good  in  the  central  portion  of  the  particle  field. 
However,  near  the  entrance  to  the  burner  and  also  near  the  center,  there  is  a 
marked  difference  in  the  diameters  obtained.  The  LSD  measurements,  where  they 
differ  from  DLS.  always  measure  larger  particle  sizes.  Note  that  in  those 
regions  where  particle  scattering  intensity  was  large,  agreement  between  t  lie 
two  techniques  was  good. 

These  differences  can  be  understood  by  considering  some  factors  which 
affect  the  results.  The  diffusion  coefficient  of  a  particle  is  highly 
temperature  dependent  (for  free  molecular  flow  D  a  T3ys)  and  under  flame 
conditions  can  be  considerably  larger  than  those  of  aerosols  at  ambient 
temperatures.  Since  the  measured  half-width  is  directly  proportional  to  the 
diffusion  coefficient,  which  under  flame  temperatures  can  be  very  large,  small 
scattering  angles  (6  <  10°)  are  necessary  to  avoid  overflowing  the  frequency 
range  of  the  spectrum  analyzer  (100  KHz).  Small  particles,  and  particles  with 
high  diffusion  coefficients  (due  to  high  temperatures),  will  spread  the 
scattering  signal  over  a  wider  range  of  frequency  space,  thus  lowering  signal 
to  noise  and  enhancing  the  shot  noise  contribution  to  the  power  spectrum,  which 
is  frequency  independent.  This  results  in  a  broader  power  spectrum,  which 
translates  into  a  artificially  large  diffusion  coefficient  and  therefore 
smaller  particle  size.  At  small  scattering  angles,  decreasing  the  scattering 
angle  by  a  factor  of  two  will  decrease  the  half  width  four  fold.  However,  this 
results  in  decreased  spatial  resolution,  necessitating  a  stopping  down  of  the 
apertures  to  define  an  equivalent  scattering  volume,  and  coherence  area,  and 
resulting  in  a  lower  signal  at  the  detector.  The  lower  signal  intensity 
manifests  itself  as  a  contribution  of  the  shot  noise  term  and  lower 
signal/noise.  To  obtain  a  half  width  accuracy  of  1 0% ,  a  signal - to-noi se  ratio 
of  about  100  is  required.  But  when  the  scattering  intensity  was  low,  we  were 
unable  to  obtain  signal -to-noise  ratios  better  than  5. 

Dissymmetry  measurements,  and  other  elastic  light  scattering  methods,  need 
not  work  only  at  shallow  angles,  and  also  are  not  constrained  by  the  coherence 
limitations  which  decrease  the  amount  of  light  collected.  Furthermore,  since 
total  scattering  intensity  (without  frequency  discrimination)  is  measured, 
these  techniques  provide  significantly  higher  s i gnal -  to - noi se  ratios,  and 
therefore  are  more  reliable  measurements  at  lower  scattering  intensities. 
However,  they  are  limited  to  particles  whose  diameters  are  larger  than  = 

0.3A/n.  and  one  must  also  know  their  index  of  refraction.  This  latter 
requirement  can  cause  significant  uncertainty  since,  tinder  some  conditions,  it 
may  be  SiO  or  some  other  non-equilibrium  silicate  (e  g.,  Si^O,)  which  is 
condensing.  Furthermore,  since  scattering  intensity  is  a  very  strong  function 
of  particle  size,  a  few,  very  large  particles  will  dominate  the  total 
scattering.  The  strong  rise  in  size  near  the  burner  mouth  is  probably  due  to 
large  particles  which  were  driven  there  by  t hermophores i s . 

Figure  11  shows  the  effect  of  increasing  silane  loading  on  particle  size 
Relative  to  the  results  attained  using  a  loading  of  0.073%,  increasing  the 
loading  by  a  factor  of  2.5  resulted  in  a  reduction  of  the  half-width  by  a 
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factor  of  4,  and  an  approximate  doubling  of  the  maximum  particle  size. 
Increasing  the  loading  by  a  factor  of  5  resulted  in  a  reduction  of  measured 
half -width  by  a  factor  of  7,  and  an  approximate  tripling  of  the  maximum 
particle  size.  (The  DLS  curve  in  Fig.  10  is  also  curve  D  in  Fig.  11) 

A  second  set  of  flame  conditions,  with  1.75  times  the  flow  rate  of  the 
first  set  also  was  analyzed  (Figure  12).  The  gas  phase  temperature  profile  was 
about  the  same  as  that  of  flame  1.  The  increased  flows  made  streamline 
velocities  higher,  thereby  pushing  particles  out  of  the  burner  mouth  faster, 
i.e.,  reducing  particle  residence  times  in  the  flame,  resulting  in  smaller 
particle  sizes.  The  region  of  detectable  scattering  was  also  reduced,  i.e., 
the  region  of  nucleation  and  growth  was  made  narrower  by  the  decreased 
residence  times. 

Both  of  these  sets  of  high  temperature  flame  conditions  show  similar 
trends  in  particle  formation.  Particles  go  through  four  regions:  particle 
inception,  surface  growth,  melting,  and  expulsion  from  the  flame  zone  near  the 
stagnation  plane. 

Sets  of  flame  conditions  also  were  constructed  such  that  the  maximum 
temperature  of  each  was  approximately  2000K,  while  the  equivalence  ratios 
varied  between  0.757  and  1.310.  Particle  size  measurements  are  given  in 
Figures  13-15.  The  momentum  ratios  of  the  flames  were  chosen  to  be  in  the 
narrow  region  0.767-0.880  and  the  total  flow  rates  were  kept  approximately 
constant  to  insure  that  the  residence  tiroes  of  the  particles  in  the  flames 
would  be  approximately  the  same.  Our  results  indicate  that  increasing  the 
equivalence  ratio  (while  maintaining  a  maximum  temperature  of  2000K)  has  the 
effect  of:  narrowing  the  region  of  particle  growth;  causing  particle  inception 
to  occur  higher  in  the  flame;  producing  a  bimodal  distribution  with  the  second 
mode  caused  by  particles  agglomerating  while  falling  back  through  the  fuel -rich 
region;  and  increasing  the  maximum  particle  size.  We  also  saw  that  the  melting 
stage  which  occurred  at  higher  temperature  flames  did  not  occur  here. 

The  effect  of  momentum  ratio  was  studied  by  maintaining  a  constant 
equivalence  ratio  of  0.757  and  varying  the  momentum  ratio  from  0.849  to  0.309. 
Flame  position  and  temperature  profiles  were  not  significantly  affected  by 
changing  the  momentum  ratio.  Variation  of  the  momentum  ratio,  however,  moved 
the  stagnation  plane  in  the  flame  region.  Lowering  the  momentum  ratio  caused 
the  initial  particle  inception  to  occur  lower  in  the  flame,  i.e.,  in  a  cooler 
temperature  region.  The  region  of  initial  particle  inception  and  growth  was 
made  narrower  when  the  stagnation  plane  was  in  the  cooler  flame  region. 
Conversely,  pushing  the  stagnation  plane  into  the  hotter  region  of  the  flame 
broadened  the  region  where  particle  inception  followed  bv  growth  occurred.  A 
bimodal  distribution  occurred  at  the  lower  momentum  ratio  as  some  particles 
which  grew  high  in  the  flame  were  pushed  back  into  the  lower  region  of  the 
fuel-rich  region. 


CONCLUSIONS 

The  sizes  of  silica  particles  were  measured  in  a  rectangular  counterflow 
diffusion  flame  burner  using  a  dynamic  light  scattering  technique.  The  effects 
of  silane  loading,  temperature,  equivalence  ratio,  and  residence  times  on 
particle  formation  were  investigated.  Choice  of  a  flame  with  a  maximum 
temperature  of  2500K  resulted  in  the  silica  undergoing  a  melting  stage  in  the 
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flame.  Increasing  the  residence  time  limited  the  size  of  particles  grown. 
Increased  silane  loadings  resulted  in  larger  particles  with  broadened  regions 
of  particle  growth. 

Under  conditions  of  high  signal  - to-noise  ratio  both  DLS  and  LSD  compare 
verv  favorably.  In  fact  it  is  quite  surprising  that  the  two  techniques,  which 
rely  on  completely  different  physical  principles  for  particle  sizing  should 
compare  at  all,  since  the  underlying  theory  assumes  that  the  particles  are 
spherical  and  monodisperse .  This  suggests  is  that  for  most  aggregates  the 

hydrodynamic  radius  (measured  by  DLS)  and  the  Mie  scattering  volume  (measured 
by  LSD)  are  very  nearly  equivalent.  This  would  not  be  the  case  were  we  able  to 
make  the  same  measurements  on  single  particles;  however,  by  making  an  ensemble 
measurement  we  obtain  orientation  and  shape  averaged  spherical  scattering  and 
hydrodynamic  volumes. 

These  results  show  the  capabilities  of  the  rectangular  counterflcw 
diffusion  burner  as  a  valuable  tool  in  studying  fundamental  particle  processes. 
They  show  that  we  can  measure  in-situ  precursor  concentration  and  temperature 
profiles.  We  can  also  obtain,  in-situ,  good  measures  of  particle  size  and 
concentration.  Our  research  goal  is  to  interrelate  the  experimental 
measureables ,  i.e.,  temperature,  concentrations  of  the  precursor,  intermediate 
and  final  species,  02  and  OH  concentrations,  onset  of  nucleation,  particle 
size,  and  particle  morphology.  Using  these  measurements,  in  combination  with 
nucleation  theory  and  growth  models,  will  enable  us  to  extract  the  relevant 
experimental  parameters.  Thus  one  will  be  able  to  apply  these  results  to  many 
different  geometries  and  experimental  conditions.  Furthermore,  we  hope  to  use 
these  results  to  decipher  the  mechanisms  behind  the  nucleation  and  growth 
processes  occurring  during  refractory  particle  formation,  answering  questions 
such  as:  When  are  processes  diffusion  limited?  When  are  they  surface  reaction 
limited?  Do  the  oxidation  steps  themselves  occur  at  the  surfaces  of  the 
growing  particles?  Is  the  nucleation  process  aut o- cat al yt ic  (79)? 
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FIGURES 

Fig.  1.  The  Rectangular  Counterflow  Diffusion  Flame  Burner.  Note  the  X,  Y, 
and  Z  coordinate  scales  and  that  their  zero  is  at  the  geometric 
center  of  the  burner. 

Fig.  2.  Temperature  Profile  Along  the  Length  of  the  Burner,  i.e.  the  X 
Direction. 

Fig.  3.  Temperature  Profile  Across  the  Width  of  the  Burner,  i.e.  the  Y 
Direction. 

Fig.  A.  Concentration  Profile  Across  the  Width  of  the  Burner. 

Fig.  5.  Scattering  Intensity  as  a  function  of  Height  in  the  Burner.  Z-0  is 
located  at  its  geometric  center. 

Fig.  6.  Partial  Pressures  and  Temperature  as  a  function  of  Height  in  the 
Burner . 

Fig.  7.  The  OH  Absorption  Spectrum 

Fig.  8.  Schematic  representation  of  the  dynamic  light  scattering  system.  M, 
mirror;  PR,  polarization  rotator;  L,  lens;  BD.  beam  dump;  S1,S2,S3. 
spatial  filter;  f,  narrow  band  filter;  PMT,  photomultiplier. 

Fig.  9.  Example  of  a  dynamic  light  scattering  power  spectrum  and  an 
associated  lorentzian  fit. 

Fig.  10.  Axial  profiles  of  DLS  and  light  scattering  angular  dissymmetry  (LSD) 
particle  diameters  and  corresponding  Qvv(45)  scattering  cross- 
sections.  The  Vertical  bar  corresponds  to  the  particle  stagnation 
plane . 

Fig.  11.  Particle  Diameters  as  a  function  of  Height  in  the  Burner,  for 
different  Silane  Concentrations. 

Fig.  12.  Particle  Diameters  as  a  function  of  Height  in  the  Burner,  for 
different  Silane  Concentrations. 

Fig.  13.  Particle  Diameters  as  a  function  of  Height  in  the  Burner,  for 
different  Silane  Concentrations. 

Fig.  14.  Particle  Diameters  as  a  function  of  Height  in  the  Burner,  for 
different  Silane  Concentrations. 

Fig.  15.  Particle  Diameters  as  a  function  of  Height  in  the  Burner,  for 
different  Silane  Concentrations. 
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SYNTHESIS  AND  PROPERTIES  OF  LOW  CARBON  BORON  CARBIDES 

C.  L.  J.  Adkins*,  A.  N.  Campbell,  and  T.  J.  Headley 
Sandia  National  Laboratories,  Albuquerque,  NM  87185 


ABSTRACT 

Boron  carbides  of  low  carbon  content  (<10% )  were  produced  from 
BC13  and  CCl*  at  1273  -  1673  K  in  a  CVD  reactor.  TEM  revealed 
that  phase  separation  had  occurred  and  tetragonal  boron  carbide 
was  formed  along  with  /3-boron  or  a -boron  carbide  under  carbon 
depleted  gas-phase  conditions.  At  temperatures  greater  than 
1390°C,  graphite  substrates  served  as  a  carbon  source,  affecting 
the  phases  present.  Microstructure  typical  of  CVD-produced  a- 
boron  carbide  was  observed.  Plan  view  TEM  of  tetragonal  boron 
carbide  revealed  a  blocky  structure. 

INTRODUCTION 

Rhombohedral  boron  carbides  are  refractory  materials  of  unique 
structure  and  unusual  thermal,  electronic,  and  mechanical  proper¬ 
ties.  Their  use  a^.  high  temperature  semiconductor  or  thermoelec¬ 
tric  materials  has  been  suggested.  Several  different  boron  car¬ 
bide  phases  are  known.  The  unit  cell  of  the  thermodynamically 
stable  "a- rhombohedral"  form  is  composed  of  B12  or  BnC  icosahedra 
at  the  corners  of  a  rhombohedron  with  a  central  chain  of  three 
atoms,  CBB  or  CBC  (Fig.  I).1  The  distribution  of  the  two  types  of 
icosahedra  and  chains  is  a  function  of  carbon  content.  This  phase 
has  a  large  homogeneity  range  from  approximately  8  to  20  at.% 
carbon.  Under  nonequilibrium,  carbon  depleted  conditions,  a  meta¬ 
stable  tetragonal  phase  may  be  formed.  Tetragonal  boron  carbide 
(B*bB2C2)  (see  Fig.  2)  is  made  up  of  four  icosahedra  within  a 
tetragonal  unit  cell.  Upon  heating,  the  tetragonal  phase  decom¬ 
poses  into  a -rhombohedral  boron  carbide  and  ^-rhombohedral  boron.2 
Little  is  known  about  the  properties,  electrical  or  thermal,  of 
tetragonal  boron  carbide. 
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The  interest  in  low  carbon  boron  carbides  follows  from  the 
prediction  that  the  normally  p-type  conduction  in  rhombohedral 
boron  carbide  will  become  n-type  at  a  carbon  contents  less  than  8 
at.%.  This  paper  describes  a  study  of  low  carbon  boron  carbides 
produced  using  a  chemical  vapor  deposition  (CVD)  process.  The 
various  phases  and  microstructures  obtained  at  given  operating 
conditions  are  discussed. 

EXPERIMENTS 

Boron  carbide  specimens  were  prepared  by  atmospheric  pressure 
CVD  from  an  inlet  gas  mixture  of  BC13,  CC14,  and  H2  that  was 
passed  perpendicularly  over  a  heated  substrate  of  either  POCO 
graphite  or  pyrolytic  boron  nitride  (see  Fig.  3).  The  substrate 
was  set  on  an  inductively  heated  graphite  holder.  Deposition 
temperatures  were  measured  using  an  optical  pyrometer  and  ranged 
from  1273  to  1673  K.  It  is  estimated  that  no  more  than  a  5  K 
temperature  variation  existed  across  the  substrate  during  deposi¬ 
tion.  CC14  vapor  was  delivered  to  the  reactor  by  bubbling  argon 
through  a  reservoir  of  liquid  CC14.  The  reservoir  was  placed  in  a 
water  bath  to  maintain  a  constant  temperature.  The  amount  of  CC14 
vapor  was  controlled  by  adjusting  either  the  temperature  of  the 
water  bath  or  the  argon  flowrate.  CC14  and  BC13  flowrates  used 
ranged  from  0.5  to  5  seem  and  16  to  46  seem,  respectively,  and  the 
hydrogen  flowrate  was  maintained  at  1000  seem  for  all  runs .  These 
flowrates  correspond  to  gas -phase  B:C  ratios  of  9  to  90  and  B:H 
ratios  of  0.03  to  0.05.  Sample  thicknesses  ranged  from  50  to  500 

lim. 

Both  X-ray  and  electron  diffraction  were  used  to  determine  the 
phases  present  in  the  deposit.  Because  boron  and  boron  carbides 
are  poor  X-ray  absorbers,  film  thicknesses  on  the  order  of  100  - 
1000  /an  are  required  if  the  substrate  background  signal  is  not  to 
dominate  the  spectrum.  Consequently,  X-ray  diffraction  was  only 
able  to  give  qualitative  phase  analysis  information.  For  those 
samples  studied  using  TEM  combined  with  selected  area  electron 
diffraction,  it  was  also  possible  to  estimate  the  percentage  of 
each  phase  present.  Auger  electron  spectroscopy  (AES)  was  used  to 
determine  the  average  carbon  content  of  the  specimen.  The  most 
reproducible  results  were  obtained  by  analysis  of  well-polished 
samples.  While  using  this  method  to  assign  an  absolute  composi¬ 
tion  to  a  boron  carbide  sample  results  in  a  large  error,  compari¬ 
sons  between  samples  can  be  made  with  small  error. 


6-2.3 


RESULTS 


Equilibrium  thermodynamic  calculations  can  be  used  to  study  a 
reaction  system  as  a  function  of  composition,  temperature,  and 
pressure.  While  a  CVD  reactor  typically  does  not  operate  at 
equilibrium,  the  general  trends  determined  by  the  calculations  can 
prove  useful  in  interpreting  the  experimental  results. 
Thermodynamic  calculations  were  performed  using  a  free -energy 
minimization  technique  (computer  program  SOLGASMIX3) .  The 
following  species  were  included  in  the  calculations:  Cl2(g) , 
H2(g).  H(g)  ,  BCl(g),  BCla(g),  BCl2H(g) ,  BCls(g),  BH(g) ,  BH2(g) , 
BHs(g),  Ba(g),  B2Cl*(g),  B2H6(g),  BsH0(g) ,  B10H„(g),  HCl(g)  ,  B(g) , 
C(g),  CCl<(g),  CH*(g),  C2H2(g) ,  C2H*(g) ,  B*C(s),  0-B(s),  C(s).* 
Thermochemical  data  are  not  available  for  the  entire  homogeneity 
range  of  rhombohedral  boron  carbide  or  Lhe  metastable  tetragonal 
phase.  Therefore,  the  data  for  B*C  (20  at.%  carbon)  was  used  to 
approximate  the  entire  boron  carbide  composition  range.  This 
should  be  considered  when  evaluating  the  results.  Calculations 
were  performed  at  the  conditions  used  in  the  experiments :  85  kPa 
(635  torr)  total  pressure,  1000  seem  H2  carrier  gas,  BC13  and  CC1* 
source  gases,  temperatures  of  1173  to  1673  K,  B:C  ratios  greater 
than  4,  and  B:H  ratios  of  0.02,  0.05  and  0.10.  The  results  are 
presented  in  the  deposition  diagrams  shown  in  Fig.  4.  Note  that 
the  single -phase  B*C  region  is  narrow  and  occurs  only  for  B:C 
ratios  greater  than  stoichiometric.  This  region  broadens  at  lower 
temperatures  and  increased  B:H  ratios.  Calculations  were  also 
performed  using  CH*  since  it  is  a  commonly  used  carbon  source  gas. 
If  the  B:H  ratio  is  held  constant  and  1000  seem  H2  carrier  gas  is 
still  assumed,  the  main  difference  between  deposition  using  CH* 
and  CC1*  occurs  in  the  H:C1  ratio  of  the  inlet  gas  mixture.  This 
results  in  a  narrowed  B*C  single -phase  region.  On  the  basis  of  a 
relative  comparison,  keeping  in  mind  that  the  boron  carbide  phase 
modelled  is  carbon-rich,  CCl*  would  appear  to  allow  for  more 
latitude  in  the  deposition  conditions  required  to  produce  single - 
phase  material.  In  either  case,  taking  the  entire  rhombohedral 
boron  carbide  homogeneity  range  into  account  would  broaden  the 
single-phase  rhombohedral  boron  carbide  region. 

The  experimental  conditions  used,  and  the  phases  and  composi¬ 
tions  of  the  boron  carbides  produced  are  given  for  selected  runs 
in  Table  I.  Several  trends  may  be  noted  in  the  data.  First,  the 
tetragonal  boron  carbide  phase  was  formed  in  all  but  four  of  the 
runs  indicating  that  deposition  takes  place  under  nonequilibrium 
conditions.  Rhombohedral  boron  carbide  and  /3- rhombohedral  boron 


Table  I.  Selected  Deposition  Data  and  Results 


Run 

Temp 

(K) 

Deposition 
Rate  (/im/hr) 

B:C 

(gas) 

B:C 

(solid) 

Phases* 

155 

1423 

9.8 

11.4 

a  +  t 

1 

1393 

25 

12 

6 

a 

2 

1293 

16 

12 

8 

3 

1323 

20 

24 

7.4 

a  +  t 

4 

1473 

38 

24 

8.2 

a  +  t 

5 

1423 

70 

90 

30 

0  +  t- 

25 

1273 

54 

86 

70 

0  +  t 

29 

1663 

160 

88 

0  +  t 

37 

1663 

175 

22 

a  +  ft 

71 

1623 

127 

28 

a  +  0 

72 

1623 

150 

30 

0  +  t 

*a  -  a-rhombohedral  boron  carbide,  0  -  0-rhombohedral  boron, 
t  *  tetragonal  boron  carbide  (B*eB2C2) 

Note:  All  depositions  were  made  on  a  POCO  graphite  susceptor 


except  for  Run  72,  which  was  made  using  pyrolytic  BN. 


would  be  expected  to  form  at  equilibrium.  Second,  in  general  the 
deposition  rate  is  greater  for  those  runs  at  high  temperatures 
and/or  high  B:C  ratios  in  which  /9-boron  was  deposited.  This  is 
consistent  with  the  findings  of  Jansson5  and  Vandenbulke  and 
Vuillard6  that  suggest  a  kinetic  barrier  to  carbon  deposition  in 
the  BC13/CH4,/H2  reaction  system.  Whether  this  is  a  surface  or 
gas-phase  effect  is  unknown  at  this  point.  However,  a  sensitivity 
of  the  deposit  composition  to  substrate  shape  has  been  noticed  in 
this  laboratory,  and  higher  carbon  uptake  has  been  noted  with  the 
use  of  hot-wall  versus  cold-wall  reactors  by  other  workers.5 
These  observations  point  to  the  importance  of  homogeneous 
reactions  in  the  gas-phase.  Finally,  it  was  observed  that  the 
graphite  substrate  appears  to  serve  as  a  carbon  source  in  high 
temperature  deposition.  Reaction  of  BC13  and  CC1*  at  1623  K  over 
a  graphite  substrate  produced  a-rhombohedral  boron  carbide  and  0- 
rhombohedral  boron.  By  contrast,  deposition  under  the  same  condi¬ 
tions,  but  using  a  pyrolytic  boron  nitride  substrate,  led  to  the 
formation  of  a  more  carbon-depleted  film,  in  which  tetragonal 
boron  carbide  and  0-boron  were  found.  As  further  evidence,  at 
temperatures  in  excess  of  1623  K,  passing  BC13  over  a  heated 
graphite  substrate  causes  rhombohedral  boron  carbide  to  form 
rather  than  the  expected  boron  deposit. 


The  boron  carbide  deposits  were  examined  microstructurally . 
Fig.  5a-d  show  the  effect  on  the  microstructure  of  decreasing 
carbon  content.  Fig.  5a  (Run  1)  shows  the  microstructure  typical¬ 
ly  observed  for  single-phase  a-rhombohedral  boron  carbide  produced 
in  this  CVD  reactor.  This  sample  had  an  average  carbon  content  of 
14  at.%  carbon.  The  large  grains  are  oriented  and  twinned. 
Smaller,  randomly  oriented  grains  surround  the  larger  grains.  The 
microstructure  of  the  deposit  produced  in  Run  3,  containing  12 
at.%  carbon,  is  shown  in  Fig.  5b.  Both  rhombohedral  and  tetra¬ 
gonal  boron  carbide  phases  were  found  in  this  specimen.  The 
tetragonal  material  is  essentially  defect-free,  -blocky  in 
appearance,  and  surrounded  by  the  rhombohedral  matrix  (-  95%  by 
volume).  In  cross-section,  the  rhombohedral  grains  are  feathery 
or  dendritic  in  appearance.  These  grains  are  single  crystals,  the 
"feather -axis"  being  oriented  in  the  direction  of  growth.  It  has 
been  postulated  that  the  fine  needle  structure  within  the  grains 
is  caused  by  strain  contrast.5  This  growth  structure  appears  to 
be  characteristic  of  CVD-produced  rhombohedral  boron  carbides 
since  it  has  also  been  observed  in  material  deposited  at  low 
pressure  (6.7  kPa,  50  torr)  from  BC13  and  CH4  on  refractory 
metals . 5 

The  effects  of  further  carbon  depletion  are  shown  in  Figs.  5c 
and  5d  (Runs  155  and  5,  respectively).  The  overall  carbon  content 
of  the  deposit  in  Fig.  5c  is  8  at.%  (Bu  4C) .  The  tetragonal  phase 
is  again  blocky  in  appearance  and  accounts  for  approximately  10-15 
vol.%.  The  surrounding  matrix  is  a-rhombohedral  boron  carbide. 
When  the  carbon  content  is  further  decreased  (3  at.%  carbon, 
B30C) ,  as  in  Fig.  5d,  the  matrix  phase  becomes  0- rhombohedral 
boron  with  tetragonal  boron  carbide  (-  25  vol.  %)  as  the  remaining 
phase.  The  defects  in  the  tetragonal  phase  appear  to  be  stacking 
faults . 

CONCLUSIONS 

Low  carbon  boron  carbide  deposits  have  been  made  using  a  chem¬ 
ical  vapor  deposition  process.  The  lowest  carbon,  single-phase, 
a-rhombohedral  boron  carbide  material  deposited  was  B6  5C.  At  in¬ 
creasingly  carbon-poor  conditions  the  metastable  tetragonal  boron 
carbide  phase  was  formed  along  with  rhombohedral  boron  or  a- 
rhombohedral  boron  carbide,  indicating  nonequilibrium  deposition 
conditions  in  the  reactor.  Reaction  of  carbon  from  the  graphite 
substrate  at  deposition  temperatures  greater  than  1623  K  affects 
the  phases  present  in  the  deposit.  Finally,  the  behavior  of  the 


reaction  system  indicates  that  gas -phase  reactions  -lay  play  a  role 
in  the  deposition  of  boron  carbide  and  should  be  studied. 
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Figure  3.  Boron  carbide  CVD  apparatus. 
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Structure  of  a-rhombohedral  boron  carbide. 

Structure  of  tetragonal  boron  carbide. 

Boron  carbide  CVD  apparatus. 

Thermodynamically  predicted  deposition  diagrams  for  CVD 
of  boron  carbide.  Total  pressure  of  85  kPa  (635  torr) 
and  B:H  ratios  of  (a)  0.02,  (b)  0.05,  and  (c)-  0.10. 

Plan  views  of  the  deposit  microstructure  for  (a)  Run  1, 
(b)  Run  3,  (c)  Run  155,  and  (d)  Run  5. 
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INTRODUCTION 

Because  a  ceramic  part  can  be  no  better  than  its  constituent  powders,  we  developed 
a  new  powder  synthesis  process.  The  requisite  powder  characteristics  are  small  and 
uniform  size,  spherical  shape,  purity  and  freedom  from  agglomerates.  Although  some  feel 
that  uniform  particle  sizes  are  not  desirable,  all  agree  that  optimum  powders  will  require 
precisely  controlled  particle  size  distributions.  For  commercial  applications,  cost  issues  are 
as  important  as  the  technical  attributes  of  the  powders. 

For  Si,  SiC,  and  Si3N4  powders  made  from  laser-heated  Sifhj  based  chemistries 
(7.2  kg/h  per  nozzle  and  a  SiR*  cost  of  $10/kg  assumed),  we  found1  that  approximately 
$2.50/kg  of  the  total  manufacturing  costs  (nominally  $  12.50/kg)  resulted  from  a  set  of 
costs  that  were  inversely  proportional  to  the  production  rate.  Although  each  reactor 
configuration  and  chemistry  will  have  different  detailed  cost  structures,  production  rates  in 
controlled-atmosphere,  hermetic  reactors  cannot  drop  much  below  the  levels  that  we 
assumed  before  the  rate-proportional  costs  preclude  the  powders  from  the  marketplace. 
Based  on  these  assumptions,  the  manufacturing  cost  would  rise  to  -  $35/kg  at  a  production 
rate  of  0.72  kg/h.  In  our  view,  this  conclusion  dictates  the  type  of  powder  formation  and 
growth  mechanisms  that  should  be  considered  for  a  commercial  powder  synthesis  process. 

Figure  1  summarizes  an  important  consequence  of  making  small  diameter  powders; 
decreasing  particle  number  density  and  increasing  growth  time  both  proportionally  reduce  a 
reactor's  specific  production  rate  (kg/h/liter  of  reactor  volume).  Typical  operating 
conditions  for  the  laser  process  we  developed  are  indicated  by  the  "collision-coalescence" 
area,  and  the  conditions  reported  for  CVD  growth  of  uniform  size  Si  powders  2  are  shown 
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by  the  "CVD"  area.  Growth  by  CVD  requires  low  number  densities  to  avoid  interparticle 
collisions  during  the  long  exposures  to  slow  growth  rate  conditions  that  are  needed  to 
suppress  nucleation  of  new  particles.  One  must  conclude  that  the  factor  of  108  difference 
between  the  specific  production  rates  of  the  two  types  of  processes  favors  synthesis  by 
collision-coalescence  mechanisms. 

Based  on  these  conclusions,  we  developed  a  powder  synthesis  process  that 
employs  collision-coalescence  mechanisms.  Although  laser  heating  has  been  used  to  date, 
other  heat  sources  can  be  employed  now  that  the  necessary  synthesis  conditions  have  been 
defined. 

POWDER  SYNTHESIS 

The  ceramic  powders  are  synthesized  by  rapidly  heating  a  reactant  gas  stream  with  a 
CW  CO2  laser  beam  in  a  cold  wall  reactor.3-4  The  reactant  gas  stream  flows  from  the 
nozzle  into  the  laser  beam,  where  it  is  heated  at  “106  K/second  until  the  gas  reacts  and  the 
particles  form  and  grow.  A  concentric  flow  of  argon  injected  around  the  reactant  stream 
stabilizes  the  reaction  zone  and  helps  the  powder  flow  smoothly  through  the  chimney  into  a 
filter  where  the  particles  are  trapped.  Because  of  rapid  heating,  there  is  little  mixing 
between  the  reactant  gas  and  the  argon  so  the  reactant  concentration  is  uniform  throughout 
most  of  the  reaction  zone. 

Silane  (SiFLO  is  used  to  make  Si  powders,  and  SiH4  mixed  with  methane  (CH4)  or 
ethylene  (C2H4)  is  used  to  make  SiC.3  Ammonia  (NH3)  mixed  with  SiRj  is  used  to  make 
Si3N4.6  We  have  also  used  a  variety  of  chlorides  7-8-9  to  make  TiB2,  B,  TiC>2,  and  SnC>2, 
as  well  as  Si  and  SiC.  The  effects  of  process  variables  have  been  studied  experimentally 
using  a  light  scattering-transmission  technique111  and  also  analytically.11-12 

High  quality  Si  powders  are  formed  by  the  collision  and  coalescence  of  liquid 
silicon  droplets.12-13  The  process  begins  when  SiHt  gas  heated  by  the  laser  decomposes 
into  Si  dimers  and  trimers.  As  shown  in  Figure  2,  the  number  density  of  these  "initial” 
particles  decreases  rapidly  from  1012-1013  cm-3  to  the  101®  cm'3  range  as  particles  grow  to 
-O.ljxm  through  interparticle  collisions.  Collision  rates  that  start  as  high  as  107/sec,  also 
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decreasing  as  the  particles  grow.  We  have  found  that  solid  particles  grow  to  10-20  nm  in 
less  than  1ms  before  non-dispersible  aggregates  begin  to  form,  once  sintering  rates  can  no 
longer  spheroidize  dense  particles  in  the  time  interval  between  collisions.  If  temperatures 
exceed  the  silicon  melting  point  (1410°C),  the  agglomerates  rapidly  coalesce  into  spherical 
particles  by  a  viscous  flow  process,  and  particle  growth  can  continue.  The  coalescence 
process  stops  with  solidification,  either  by  freezing  or  by  forming  solid  compound 
particles.  Cooling  rates  must  be  rapid  relative  to  interparticle  collision  rates. 

Along  a  specific  flow  stream,  Si  particle  growth  continues  until  the  temperature 
decreases  below  1410°C.  A  variation  in  exposure  times  to  T  >1410°C  produces  a 
distribution  of  particle  sizes  in  the  powder.  Flow  streams  that  never  reach  1410°C  produce 
agglomerates  of  small  particles.  If  the  cooling  rate  from  1410°C  is  not  fast  enough  to 
reduce  the  particle  temperature  several  hundred  degrees  in  the  period  between  interparticle 
collisions,  aggregates  of  large  particles  can  be  produced.  Therefore,  the  particle  size  and 
morphology  distributions  are  directly  attributable  to  the  temperature  and  velocity 
distributions  in  the  reaction  zone.  Uniform  powder  is  produced  only  when  all  flow  streams 
experience  similar,  and  correc*,  ^me-temperature -concentration  histories. 

Using  the  aerosol  growth  law  developed  by  Lee,13  we  have  calculated  the  particle 
size  and  size  distribution  expected  from  the  collision  and  coalescence  of  molten  particles  in 
the  laser  heated  silane  temperature  and  velocity  fields.  Figure  3  compares  calculated  and 
observed  Si  particle  size  distributions.  The  agreement  between  the  average  sizes  and  the 
shape  of  the  distributions  is  excellent.  The  achieved  geometric  standard  deviation  (1.48)  is 
only  slightly  larger  than  the  minimum  value  achievable  by  a  collision-coalescence  process 
(1.35). 13 

High  quality  silicon  carbide  is  formed  from  premixed  streams  of  SihLj  and  CH4  via 
a  two-step  reaction  mechanism.5-12  The  reactant  gas  mixture  is  heated  by  conduction  as  it 
approaches  the  CO2  laser  beam.  At  approximately  1050°C,  the  SiFU  is  fully  decomposed 
and  solid  Si  pardcles  start  to  grow  in  a  H2/CH4  atmosphere.  The  temperature  of  the 
particle-CH4-H2  mixture  continues  to  increase  as  the  laser  beam  is  approached.  If  the 
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maximum  temperature  does  not  exceed  ~1200°C,  the  resulting  powder  is  mostly  (>82%) 
unreacted,  small  diameter  (~50  nm),  agglomerated  Si. 

Any  combination  of  process  conditions  that  increases  the  temperature  further  results 
in  a  sudden  change  in  reaction  zone  temperature,  structure  and  turbidity.  Under  these 
conditions,  the  maximum  temperature  jumps  to  at  least  1600°C,  and  two  bands  appear  in 
the  reaction  zone.  Silicon  particles  form  and  grow  in  the  lower  band.  The  temperature  at 
the  boundary  between  the  lower  and  upper  bands  is  just  over  1410°C,  allowing  the  silicon 
particles  to  coalesce  just  before  carburization  becomes  rapid.  The  temperature  increases 
rapidly  to  the  maximum  value  in  the  upper  band;  the  sudden  rise  is  caused  by  the  combined 
effects  of  the  exothermic  carburization  reaction  and  by  increased  CO2  laser  absorption  by 
the  SiC  particles. 

The  onset  of  the  carburization  reaction  terminates  the  particle  growth  process  since 
SiC  is  a  solid  at  these  temperatures.  The  short  time  available  between  the  beginning  of  Si 
particle  formation  and  the  onset  of  carburization  is  responsible  for  the  SiC  particle  size 
being  -100  nm  instead  of  -300  nm  as  in  the  case  of  silicon.  Only  very  small  (-40  nm) 
agglomerated  particles  are  produced  when  SLH4  and  C2H4  are  used.  This  results  because 
C2H4  starts  to  carburize  the  Si  particles  at  temperatures  below  1410°C,  preventing  their 
coalescence  into  spherical  particles. 

The  laser  synthesis  of  useful  SiC  powders  depends  on  the  correct  combination  of 
several  temperature-dependent  reaction  rates.  Carburization  of  liquid  Si  must  be  rapid  since 
only  a  few  milliseconds  are  available,  but  it  must  be  delayed  until  the  Si  particles  have  had  a 
chance  to  grow.  Fortunately,  the  premixed  SiH4-CH4  system  satisfies  these  requirements 
and  high-quality  powder  can  be  produced. 

The  synthesis  of  high-quality  Si3N4  powder  is  more  difficult  than  for  Si  or  SiC 
powders.®  Premixed  streams  of  SLH4  and  NH3  can  produce  stoichiometric  Si3N4  but  the 
particles  are  very  small  (20-30  nm)  and  are  usually  highly  agglomerated.  As  is  the  case 
with  SiH4-C2H4  mixtures,  NH3  begins  to  react  with  solid  Si  particles  at  temperatures  only 
slightly  higher  than  the  silane  decomposition  temperature,  preventing  the  formation  of  large 
particles  by  coalescence. 
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Larger  Si3N4  powders  have  been  synthesized  successfully6  by  injecting  ammonia 
into  S1H4  reaction  zones.  The  physical  separation  of  the  NH3  source  from  the  SiH4 
decomposition  region  permits  the  required  Si  particle  growth  by  collision-coalescence  prior 
to  nitridation.  The  Si3N4  particle  size  distribution  is  broader  than  the  other  optimized 
powders  since  the  NH3  is  injected  from  outside  of  the  reaction  zone.  Powder  on  the  outer 
edge  of  the  zone  is  nitrided  while  sail  small.  The  silicon  particles  in  the  center  continue  to 
grow,  reaching  a  larger  size  as  the  NH3  diffuses  inward.  Growth  stops  when  nitridation 
begins. 

Test  parts  of  reaction  bonded  silicon  nitride  (RBSN)  and  sintered  SiC  (SSC)  were 
made  to  demonstrate  that  superior  consolidation  kinetics  and  properties  result  from  using 
laser  synthesized  powders.14  In  both  cases,  the  resulting  parts  exhibited  superior 
characteristics.  The  average  strengths  of  75%  RBSN  samples  have  been  as  high  as  590 
MPa  and  maximum  strengths  as  high  as  870  MPa;  these  strength  levels  have  never  been 
observed  with  this  level  of  porosity.  Improved  nitriding  kinetics16  have  reduced  nitriding 
schedules  from  typical  values  of  lOOh  at  1500°C  to  levels  like  lh  at  1 150°C  or  10m  at 
1250°C.  Oxidation  resistance  of  the  RBSN  at  1000  and  1400°C  is  10-20  times  better  than 
high  quality  hot  pressed  Si3N4  and  strengths  do  not  decrease  with  the  exposures.17  The 
SSC  samples  densified  to  essentially  full  density  in  lh  at  2050°C  and  exhibited  an  average 
strength  of  645  MPa.14  These  results  support  our  original  premise;  the  use  of  superior 
powders  will  make  possible  superior  properties  and  processing  characteristics. 

CONCLUSIONS 

Powder  synthesis  conditions  needed  to  produce  0.1 -0.3  4m,  non-agglomerated  Si, 
SiC  and  Si3N4  particles  have  been  defined  for  powders  produced  under  the  high  number 
density  conditions  needed  for  acceptable  mass  flow  rates.  During  at  least  one  stage, 
growth  must  proceed  by  collisions  between  molten  particles.  With  Si,  this  is  accomplished 
simply  by  raising  the  reaction  temperature  above  the  melting  temperature  for  an  appropriate 
time  interval.  For  the  Si-compounds,  the  reactions  must  be  made  to  occur  in  two  steps;  Si 
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particles  form  and  grow  in  the  first,  and  compounds  form  in  the  second.  The  separation  of 
the  two  steps  can  be  made  to  occur  in  both  premixed  and  injected  reactant  streams. 

Superior  consolidation  kinetics  and  properties  can  result  if  powders  having  the 
specific  characteristics  we  achieved  are  employed  in  combination  with  careful  post¬ 
synthesis  handling  procedures.  Powders  must  be  small,  equiaxed,  fairly  uniform  in  size, 
pure  and  free  of  agglomerates.  Of  these  criteria,  freedom  from  agglomerates  is  the  most 
important  because  agglomerates  lower  the  achievable  green  density  to  unacceptably  low 
levels  and  introduce  large,  localized  defects. 
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FIGURES 

1 .  Hourly  mass  flow  rates  per  unit  volume  as  a  function  of  residence  (growth)  time  for 
0.2pm  diameter  spherical  powders.  The  collision-coalescence  domain  is  typified 
by  number  densities  on  the  order  of  1010  cm’3  and  growth  times  between  l-10ms. 
The  CVD  domain  requires  much  lower  number  densities  (~  105  cm’3)  to  avoid 
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interparticle  collisions  during  the  long  growth  times  (~  5s)  required  under  low 
supersaturation  conditions. 

A  description  of  particle  growth  by  a  collision-coalescence  mechanism.  As  particles 
collide,  stick  to  one  another  and  coalesce  into  spherical  particles  having  twice  the 
volume  of  the  colliding  particles,  the  number  density  decreases  and  both  the 
diameter  and  the  time  between  collisions  increase.  For  the  case  shown  (PsiR*  = 

1.3  atm).  Si  particles  grow  to  0.15|im  diameter  in  ~  10ms  at  which  time  the 
interparticle  collision  time  is  approximately  2ms.  To  avoid  formation  of 
agglomerates,  particles  must  be  cooled  ~  500°C  in  a  time  period  corresponding  to 
the  interparticle  collision  rate  (cooling  rate  ~  2.5  x  105  °C/s). 

Calculated  and  observed  particle  size  distributions  for  Si  powers  synthesized  from 
laser  heated  SilLj  gas.  The  calculated  distributions,  resulting  from  a  collision- 
coalescence  mechanism,  were  based  on  measured  residence  times  in  5  concentric 
rings  having  approximately  equal  mass  flows.  One  of  the  calculated  distributions 
assumes  no  mixing  with  the  annular  Ar  stream;  the  other  assumes  70%  dilution  of 
.  the  Si  mass  density  in  only  die  exterior  ring. 
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RAPID  PREPARATION  OF  TITANIUM  AND  OTHER  TRANSITION  METAL  NITRIDE  AND 
CARBIDE  PONDERS  BT  A  CARBO- REDUCTION  METHOD  USING  ARC  IMAGE  HEATING 
Masahiro  YOSHIMURA,  Masao  NISHIOKA  and  Shigeyuki  SOMIYA 
Research  Laboratory  of  Engineering:  Materials,  Tokyo  Institute  of 
Technology,  4259  Nagatsuta,  Midori.  Yokohama  227  Japan 


1  ABSTRACT 

Titanium  nitride,  titanium  carbonitrides ,  titanium  carbide  and  other 
transition  metal  (Nb.Ta.V  and  W)  nitrides  and  carbides  powders  were 
synthesized  in  a  very  short  period  of  heating  time  of  about  30  sec  by 
the  arc-image  heating  from  a  mixture  of  the  transition  metal  oxides  and 
graphite  in  1  atm  nitrogen  or  argon  flowing  gas.  TIN  and  TiC^  x 
(x<0.63)  powders  were  obtained  as  single  phase  in  the  nitrogen 
atmosphere.  Carbon  content  in  the  TiC^N^  could  be  controlled  directly 
by  the  mixing  ratio  of  C/T102  in  the  starting  sample.  The  lattice 
parameter  of  the  T1CXN1_X  increased  linearly  with  carbon  content  (x)  as 
predicted  by  Vegard’s  law.  VN  and  Nb^N^  powders  were  also  prepared  as 
single  phase,  whereas  the  other  nitride  products  could  not  be  obtained 
as  single  phase  but  contained  a  small  amount  of  the  other  phases  such  as 
Me2N  (Me  =  transition  metal)  and/or  remaining  oxide.  AIN  was 
synthesized  In  the  case  of  longer  heating  of  >120  sec  with  excess 
graphite.  Whereas  beta-SIC  was  formed  instead  of  Si3N4  in  the  carbo- 
reduction  in  1  atm  N2- 

The  tendency  for  the  formation  of  each  phase  was  supported  by  the 
calculation  of  Gibbs'  free  energy.  TiC  and  NbC  were  obtained  as  single 
phase  In  Ar  atmosphere,  whereas  the  other  carbide  products  contained  a 
small  amount  of  Me2C  and/or  graphite. 
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2  INTRODUCTION 


Transition  metal  nitride  and  carbide  powders  are  used  for  cermet  or 
cutting  tools  due  to  their  hardness.  These  powders  are  conventionally 
prepared  by  the  carbo-reductlon  of  oxide  powder  with  subsequent 
nitridation  in  nitrogen  atmosphere  or  carbonization  in  inert  gas  such  as 
argon [1,2].  For  example,  titanium  nitride  and  carbide  powders  are 
prepared  by  the  following  reaction; 

Ti02  ♦  2  C  ♦  -|n2  -►  TIN  ♦  2  CO  (1), 

Ti02  +  3  C  -*  TiC  +  2  CO  (2). 

These  methods  produce  fine  grain  products  using  low-cost  materials, 

however  they  require  high  temperature  and  long  heating  tlmes[3]  if  a 

conventional  electric  furnace  is  used  [4].  On  the  other  hand,  using  an 

arc  imaging  furnace[5],  we  have  studied  the  rapid  preparation  of  TiN, 

TIC  and  their  solid  solution.  TiCxNy,  powders  from  the  mixture  of  Ti02 

and  graphite  powders[6].  Thermochemical  investigation  of  the  titanium 

carbonitride  indicated  that  a  large  negative  interaction  parameter  of 

the  TIC  N  solid  solution  would  result  in  homogeneous  powders  in  spite 
*  y 

of  the  steep  temperature  gradient  of  arc  image  heatlng[7).  Other 
transition  metal  nitrides  and  carbides  have  similar  properties  as 
titanium  nitride  and  carbide[l,2] .  Therefore,  arc  image  heating  seems  to 
be  applicable  to  the  rapid  preparation  of  those  powders  using  the  carbo- 
reduction  method.  In  the  present  study,  we  examined  the  rapid  synthesis 
of  the  transition  metal  (Ti ,V,Nb,Ta,W)  nitrides  and  carbides  by  the  arc 
image  heating.  We  also  tried  to  prepare  AIN  and  Si3N4  powders  as  an 
example  of  non-transition  metal  nitride  for  comparison. 

3  EXPERIMENTAL 

Figure  1  shows  a  schematic  diagram  of  the  optical  system  of  an  arc 
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Imaging  furnace  (UF-10001,  llshio  Inc.,  Tokyo  Japan).  The  light  generated 
by  the  Xe  arc  lamp  is  collected  by  mirrors,  and  then  makes  an  arc  image 
on  the  sample  stage  made  of  water-cooled  Cu  plate. 


1  Schematic  diagram  of  the 
system  of  the  arc  imaging 


furnace. 


Ti02  powder  (99. 5%,  approximately  1  micron  diameter)  and  graphite 
powder  (99. 5*.  approximately  5  micron  diameter)  were  mixed  thoroughly  in 
an  agate  mortar  with  CH^OH  for  1  hour  to  prepare  starting  mixtures  of 
various  C/T1C>2  molar  ratios  from  2  to  3.  The  other  transition  metal 
oxide  powders  were  mixed  with  the  graphite  powder  in  the  same  way.  The 
oxide  powders  were  V205  (99%,  a  few  micron  in  diameter),  Nb205  (99.9%, 
approximately  1  micron  diameter),  Ta205  (99.9%,  0.78  micron  diameter  in 
average)  and  W03  (99.9%  1  to  10  micron  diameter).  The  mixing  ratios  of 
graphite  to  each  of  the  oxides  were  made  according  to  the  following 
equations ; 


N2  -+  2  MeN  ♦ 

5  CO  (Me  =  V.Nb  and  Ta) 

(3) 

Me205  ♦  7  C  - 

2  MeC  ♦  5  CO 

(4) 

W03  +  4  C  -*• 

WC  ♦  3  CO 

(5) 

We  also  tried  to  prepare  AIN  and  S 1 3 N 4  powders  from  the  starting 
mixture  of  C/A1203  =  3  and  5  and  C/SiC>2  =  2.  The  metal  oxide/graphite 
mixture  was  dried  in  air  at  120°C.  Then  it  was  formed  into  columnar 


pellets  (5  mm  diameter  x  about  6  mm  high,  with  a  packing  density  of 


approximately  40*)  and  then  put  onto  the  sample  stage.  After  a  fused 
silica  tube  was  set  up,  a  gas  was  introduced  into  the  chamber  with  the 
flow-rate  of  1  1/min.  The  gas  was  N'2  for  the  synthesis  of  nitride  and 
carbonitride,  while  Ar  was  used  for  carbide.  After  the  air  in  the 
chamber  was  sufficiently  exchanged  for  the  gas,  the  pellet  was 
irradiated  by  the  arc  image  at  the  lamp  power  of  5  kW.  The  sample  pellet 
was  heated  upto  ca.  1800K  or  higher  in  several  seconds.  The  heating 
period  was  varied  from  30  to  300  sec  to  complete  the  reactions.  A  W3*Re- 
W25*Re  thermocouple  was  inserted  into  the  sample  pellet  for  measuring 
the  sample  temperature  in  several  pellets.  The  heated  pellet  was 
subsequently  cooled  in  the  flowing  gas  after  the  light  was  shut  off,  and 
then  the  product  was  taken  out  of  the  chamber.  The  powders  produced  were 
investigated  by  X-ray  diffraction  analysis  to  identify  phases  and  to 
measure  their  lattice  parameters.  Titanium  carbonitride  powders  were 
also  chemically  analyzed  to  determine  the  total  carbon  (by  a  combustion 
infrared-absorbing  method),  the  oxygen  (by  a  thermal  decomposition 
method  using  LECO  TC-136),  the  titanium  and  the  nitrogen  (by  a  wet 
chemical  method). 

4  RESULTS  AND  DISCUSSION 

4.1  Synthesis  of  Titanium  Nitride  and  Carbonitride  (6,  7] 

Figure  2  shows  the  X-ray  diffraction  profiles  of  the  products 
obtained  from  the  starting  mixture  of  C/Ti02  =  2  in  a  nitrogen 
atmosphere  at  various  heating  times.  As  Ti02  was  completely  reduced, 
single  phase  TIN  was  synthesized  within  30  sec.  The  products  had  golden- 
yellow  color,  characteristic  of  TIN,  and  could  be  easily  ground  into 
powders.  The  products  consisted  of  fine  grains  approximately  1  micron 
diameter  according  to  the  scanning  electron  micrograph  as  seen  in  Fig. 3. 
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Figure  2  X-ray  diffraction  profiles 
of  products  obtained  from  the 
saaple  of  C/T102=2  In  a  nitrogen 
ataosphere  at  various  heating 
periods. 


Figure  3  Scanning  electron  Micro¬ 
graph  of  TiN  powders  obtained  froa 
the  saaple  of  C/Ti02=2  in  nitrogen 
ataosphere  after  heating  for  120 
sec. 


The  single  phase  of  titanium  carbonitrides  (TiC^N^)  with  controlled  x 
values  were  obtained  from  the  sample  with  C/Ti02  =  2. 1-2.7  in  the 
nitrogen  atmosphere.  Excess  graphite  remained  in  the  sample  of  C/T102  = 
2.7  or  above,  increasing  with  the  C/T102  ratio. 

The  lattice  parameter  increased  linearly  with  the  C/T102  ratio  of  the 
starting  sample,  and  then  became  constant  (a  =  4.297  ♦  0.003  A)  at 
C/T102  of  2.7  or  above  because  of  the  coexistence  with  carbon  under  1 
atm  nitrogen  gas.  This  phase  should  be  the  most  thermochemically  stable 
titanium  carbonitride  at  equilibrium  in  the  nitrogen  atmosphere  at  the 
irradiated  temperature:  2210  +_40  K  [ 7 J . 

The  chemical  analysis  indicated  the  composition  of  the  equilibrium 
titanium  carbonitrides  as  T1CQ  63NQ  3?  with  maximum  oxygen  content  of 
0.02  [6.  7). 


4.2  Synthesis  of  Transition  Metal  Nitrides 

Table  1  shows  the  results  of  the  X-ray  diffraction  analysis  of  the 
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products  obtained  from  each  of  the  starting  mixtures  of  transition  t  al 
oxide  and  graphite  in  the  nitrogen  atmosphere  with  various  heating 
times.  The  produced  phases  were  MeN,  Me2N  and/or  MeN^fx  <  1)  containing 
less  nitrogen  than  the  stoichiometric  nitride.  The  carbo-reduction  was 
completed  almost  within  30  sec  to  synthesize  nitrides.  The  produced 
powders  consisted  of  rather  fine  grains  of  a  few  microns  in  all  cases. 


Table  1  Crystalline  phases  in  the  products  obtained 
in  the  nitrogen  atmosphere  for  various  heating  time 
determined  by  X-ray  diffraction  method. 


starting 

produced  phases 

sample 

heating  time  (sec) 

30 

120 

300 

C/T102=2 

TiN(vs) 

TlN(vs) 

TIN (vs ) 

C/Nb205=5 

Nb  N  (vs) 

Nb”o.9°Q.l(s) 

Graphitett) 

Nb4N3(vs) 

Nb4N3(vs) 

C/V205=5 

VN(vs) 

VN(vs) 

VN(vs) 

C/Ta205=5 

Ta  N(S) 
TaNss(w) 

Ta  N(s) 
TaSss(vw) 

Ta  N(S) 
TaNss(t) 

Ta2°5(vw) 

Ta205(vw) 

Ta2°5(t) 

lntensity;vs=very  strong,s=strong.w=weak,vw=very  weak 
t=trace 


4.3  Formation  of  Non-Transition  Netal  Nitride 

AIN  was  synthesized  but  A120C,  A10N  and  other  Al-related  phases  were 
also  formed  from  the  starting  sample  of  C/A1203  =  3.  When  using  the 
starting  sample  of  C/AlgOg  =  5  containing  excess  graphite  for  completely 
reducing  the  AlgOg,  single-phase  AIN  was  formed  with  remaining  graphite. 
Beta-SIC  was  formed  Instead  of  SlgN4  from  the  starting  sample  of  C/Si02 
=  2.  These  reactions  proceeded  after  120  sec  or  longer  and  were  not 
completed  in  whole  with  the  sample  at  a  lamp  power  of  5  kf.  When 
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Increasing  the  lamp  power,  the  sample  showed  evaporation  with  smoking. 
The  smoke  deposits  contained  the  same  crystalline  phases  as  the 
products. 


4.4  Synthesis  of  Transition  Metal  Carbides 

Carbides  were  synthesized  in  an  argon  atmosphere.  Table  2  shows  the 
identified  phases  in  the  products  obtained  from  the  starting  sample 
prepared  with  the  theoretical  ratio  at  which  stoichiometric  carbides 
should  be  formed.  The  produced  phases  were  MeC,  Me„C  and/or  MeC  (x<l). 

«  X 

Table  2  Crystalline  phases  in  the  products  obtained 
in  the  argon  atmosphere  for  various  heating  time 
determined  by  X-ray  diffraction  method. 


starting 

produced  phases 

sample 

30 

heating  time 
120 

(sec) 

300 

C/T102=3 

TiC(vs) 

TIC(vs) 

TiC(vs) 

C/Nb205=7 

NbC(vs) 

NbC(vs) 

NbC(vs) 

Nb2C(t) 

C/v2°5=7 

VgC_(vs ) 
Grapnite(w) 
V2C(vw) 

VgC-(vs) 

Grapnite(w) 

V2C(vw) 

V8C_(vs) 

Grapnite(w) 

V2C(vw) 

C/Ta2V7 

TaC(vs) 
Ta„C(t) 
u.R. (vw) 

TaC(vs) 
TaC(t) 
u.k. (vw) 

TaC(vs) 

Ta,C(t) 

U.K. (VW) 

C/W03=4 

WC(vs) 

W2C(w) 

WC(vs) 

W2C(vw) 

WC(vs) 

W2C(vw) 

intensity; vs=very  strong, s=strong,w=weak,vw=very  weak 
t=trace 

u.k.=  unknown  phase,  d=2.85,  1.74,  1.62,  1.48 


The  TIC  powder  had  grey  color  and  a  lattice  parameter  of  a  =  4.327 

A.  in  good  agreement  with  the  value  reported  for  stoichiometric  Ti C l 8 ] . 

7 


6  So 


The  oxides  were  completely  reduced  within  30  sec,  carbides  were 
synthesized  as  rapidly  as  the  nitrides.  At  longer  heating  times,  the 
produced  phases  were  almost  identical  with  those  at  30  sec.  The  grain 
sizes  of  vanadium  carbide  and  tungsten  carbide  were  larger  than  those  of 
tantalum  carbide  and  niobium  carbide  corresponding  to  those  of  the 
source  materials. 

4.5  Thermochemical  Calculation 

The  sample  temperature  rose  very  rapidly  and  reached  to  a  maximum 
value  within  almost  20  sec.  That  was  2450±  80  K,  2140  1  80  K  and  2210 
+40  K  for  the  sample  of  C/T102  =  3  1"  argon  atmosphere,  2  and  2.7  in 
nitrogen  atmosphere  respectively.  The  differences  between  these  heating 
temperatures  seem  to  be  caused  by  the  different  effective  emissivlties 
and  heat  conductivities  of  the  samples. 

We  calculated  thermochemical  energy  to  understand  why  the  transition 
metal  nitrides  are  easily  formed  by  the  arc  image  heating  but  AIN  or 
Si^N^j  are  not.  The  variation  of  Gibbs'  free  energy  (  a  G)  for  the 
chemical  reactions  to  form  nitrides  by  the  carbo-reduction  and 
nitrldatlon  is  plotted  in  Fig. 4,  where  aG  was  calculated  given  to  unit 
molar  carbon  monoxide  production  using  data  from  MALT[9].  The 

equilibrium  partial  pressure  of  carbon  monoxide  (Pco)  is  also  plotted  in 
Fig. 4.  One  can  consider  if  each  of  the  reactions  proceeds  or  not  by 
comparing  aG  with  -RTlnPco.  Pco  during  carbo-reducing  reaction  could  not 
be  measured,  although,  we  estimated  it  as  less  than  0.3  atm  from  the 
mass  of  pellet,  gas-flow  rate  and  reaction  duration.  The  heating 
temperature  in  the  present  work  was  estimated  to  be  in  the  range  of  2000 
to  2500  K.  Fig. 4  indicates  that  AG  for  the  reaction  to  form  AIN  and 


AGP=-RT  tnPco(kcal/mol 


Figure  4  Gibbs’  free  energy  of  carbo-reducing  reaction 
as  a  function  of  temperature.  The  dashed  lines  are  the 
equilibrium  partial  pressure  of  carbon  monoxide. 


a : 

1/3A120  +01/3N2  -*  2/3A1N+CO 

b: 

l/2S102*Ol/3N2  -+ 

l/6Sl3N4*CO 

c : 

l/5Ta205  +  01/10N2 

-*  l/5Ta2N+C0 

d: 

1/2T10  +01/4N2  -* 

1/2T1N+C0 

e : 

l/5Ta205  +  C  +  l/5N2  -*•  2/5TaN+C0 

f : 

l/5Nb  O.+Ol/ION 

-»•  l/5Nb2N+C0 

e- 

l/5Nb205+C+l/5N2  2/5NbN«-C0 

h: 

1/5V2°5+C+0'°93N2 

-  2/5VN0.46S*C0 

1  : 

l/5V205*Ol/5N2  -* 

2/5VN.C0 

SI  N  are  close  to  zero  while  the  other  transition  metal  nitrides  have 
3  4 

values  sufficiently  large  for  the  reaction  to  proceed  the  reaction. 
Furthermore,  the  melting  or  decomposition  temperatures  for  A1S  and  S 1 ^ N ^ 
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are  close  to  the  present  heating  temperature  so  that  it  is  difficult  to 
synthesize  rapidly  these  nitrides  by  the  arc-image  heating  when  using 
the  carbo-reduction  method.  While  the  transition  metal  nitrides  have 
higher  melting  temperatures  so  that  the  arc  image  heating  method  is  very 
suitable  for  the  synthesis  of  those  powders. 

We  could  not  always  obtain  single-phase  stoichiometric  nitrides  or 
carbides.  At  those  temperatures, AG  of  the  formation  for  Me2N  is  close 
to  that  for  MeN.  Thl6  is  one  of  the  reasons  why  a  single  phase  of  these 
nitrides  could  not  be  obtained.  Some  part  of  the  starting  materials  also 
remained.  A  small  amount  of  TanOr  remained  in  the  produced  tantalum 

£  O 

nitride  powders.  The  lattice  parameter  of  TaNss  was  larger  than  that  of 
the  stoichiometric  TaN  and  close  to  that  of  TaC.  It  indicates  that  the 
tantalum  nitride  dissolved  some  carbon  to  form  a  solid  solution. 
Therefore,  the  carbon  content  became  insufficient  to  reduce  all  of  the 
oxide.  The  carbo-reducing  reaction  and/or  carbonizing  reaction  must 
occur  between  solids.  When  non-stoichiometric  carbides  and  nitrides 
containing  carbon  are  formed,  these  products  are  not  contact  with  the 
reactants  and  oxide  and/or  graphite  remain  separately,  because  carbon 
monoxide  is  formed  between  them.  Furthermore,  the  diffusion  rate  of 
carbon  is  very  low  in  the  tantalum  carbonitride,  thus  it  takes  much 
longer  time  for  the  reduction  of  Ta205  by  the  carbon  contained  in  TaNss 
than  by  graphite  in  direct  contact  with  oxide  in  the  starting  sample. 
Similarly,  since  carbon  diffuses  very  slowly  In  the  carbides,  non- 
stoichlometrlc  carbides  could  not  be  completely  carbonizied  once  a 
stoichiometric  carbide  was  formed  between  graphite  and  the  non- 
stoichiometric  carbide.  For  the  purpose  of  better  contact  between  oxide 
and  graphite,  the  fine  powders  of  graphite  are  desirable  to  use  in  these 
carbo-reduction  processes. 
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Abstract 

Microwave  induced  plasma  (MIP)  sintering  of  pure  and  Y203  doped  aluminum 
nitride  (AIN)  was  investigated.  Processing  parameters  (nitrogen  gas  pressure, 
power  level,  and  time)  were  optimized  to  achieve  densif ication  in  less  than 
15  minutes  at  temperatures  estimated  to  be  1500°  to  1800°C. 

Densities  of  only  81%  of  theoretical  were  obtained  in  undoped  AIN ,  while 
densities  in  excess  of  95%  of  theoretical  were  achieved  for  yttria  doped  AIN . 
Microstructural  investigations  revealed  a  smaller  grain  size  in  the  plasma 
sintered  specimens  (=2  /i m)  compared  with  conventionally  sintered  AIN  (=8  /jm) . 


*Now  at  Allied  Signal  Corp . ,  Garett  AiResearch  Division,  Tucson,  Arizona. 


Key  Words:  sintering,  grain  size,  Y203  doped  AIN,  electronic  packaging 
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I.  Introduction 


AIN  is  an  emerging  electronic  packaging  substrate  material  due  to  its 
attractive  electrical  and  thermal  properties.  As  in  other  covalent  compounds, 
limited  atomic  mobility  prevents  complete  densification  of  pure  AIN  at 
reasonable  temperatures.  At  higher  temperatures  (>1600°C)  decomposition  of 
AIN  is  a  major  problem  in  achieving  a  sintered  dense  solid  from  powders.1 
Thus,  sintering  of  AIN  is  usually  performed  either  at  relatively  high 
pressures  or  via  the  use  of  additives  that  assist  densification  by  liquid 
phase  formation  at  the  firing  temperature. 

Densification  of  ceramic  materials  in  high  temperature  plasmas  is  a 
rapidly  developing  processing  technique  which  promises  the  achievement  of  high 
density,  smaller  grain  size,  and  enhanced  sintering  kinetics  in  several 
systems.  While  successful  plasma  densification  has  been  obtained  in  oxide 
ceramics,2'4  applications  of  this  method  of  non-oxide  materials  have  only 
recently  been  considered.  For  example,  densities  of  96-99%  of  theoretical 
were  obtained5  in  RF  plasma  sintering  of  boron  doped  SiC  while  "pure"  SiC 
showed  only  morphological  changes  with  little  or  no  shrinkage.6 

In  the  present  work  we  have  studied  the  sinterability  of  AlN  with  and 
without  additives  using  a  microwave  induced  plasma  (MIP) .  The  focus  of  the 
research  was  on  optimization  of  the  processing  parameters  in  MIP  sintering  and 
parallel  characterization  of  the  microstructure  of  the  densified  material. 

II.  Experimental  Procedures 

Commercially  available  aluminum  nitride  powders  were  used  for  MIP 
sintering:  (a)  Powder  D  (Denka)  which  contained  the  following  major 
impurities:  Si  (0.14%),  C  (0.22%)  and  0  (1.2%).  The  specific  surface  area  of 
this  powder  was  3.1  gm/m2  with  an  average  particle  size  of  =1.02  jim. 
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(b)  Powder  T  (Tokoyama  Soda)  which  contained  the  following  impurities:  C 
(0.04%)  and  0  (1.35%).  This  powder  had  a  specific  surface  area  of  3.46  gm/m 2 
with  an  average  partic  e  size  of  1.08  fim.  (c)  Powder  K  was  a  spray  dried 
mixture  of  powder  D  and  2  wt%  of  Y203  additive  commonly  used  in  AIN  sintering. 
Cylindrical  pellets  0.63  cm  diameter  by  about  2.5  cm  high  were  uniaxially 
pressed  in  a  steel  die  at  135  MPa  yielding  a  green  Density  of  about  2.2  gm/cm3 
(67%  of  theoretical)  for  powders  D  and  K,  and  about  1.9  gm/cm3  (57%  of 
theoretical)  for  powder  T. 

Microwave  induced  plasma  (M1P)  processing  was  conducted  in  a  unit  driven 
by  a  magnetron  power  source  consisting  of  a  2.45  GHz  microwave  generator. 

Power  (from  0  to  3  kW)  was  delivered  through  a  waveguide  to  an  aluminum 
microwave  applicator  into  which  a  fused  silica  tube  had  been  inserted. 

The  plasma  reactor  consisted  of  a  fused  silica  tube  inserted  into  the 
applicator  and  connected  to  a  pressure  regulator  system  for  introducing  a 
nitrogen  gas  atmosphere.  Samples  were  inserted  into  the  plasma  system  via  a 
vacuum  tight  aluminum  fixture  placed  at  the  bottom  of  the  microwave 
applicator.  An  alumina  rod  inserted  through  the  fixture  provided  support  for 
the  BN  sample  holder  and  the  AIN  specimen.  It  was  connected  to  a  device  which 
provided  rotation  of  the  specimen  and  movement  into  and  out  of  the  plasma 
zone.  The  plasma  was  ignited  by  reducing  the  pressure  to  <1  torr  (=1.33  mbar) 
and  introducing  nitrogen  gas  flow  as  the  power  was  turned  on.  After  the 
plasma  was  ignited,  gas  flow  and  pressure  were  increased  and  the  green  sample 
was  moved  into  the  plasma  zone  for  sintering. 
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III.  Results  and  Discussion 

(1)  Density  of  MIP  Sintered  AIN 

Samples  of  powder  K  were  processed  at  a  variety  of  gas  pressures  and 
power  levels  for  short  times  (minutes).  Apparent  temperatures  of  =1500°C  were 
measured  by  an  optical  pyrometer  when  the  plasma  was  confined  in  a  12  mm 
diameter  fused  silica  tube;  lower  temperatures  (=1200°C)  were  measured  in  a 
25  mm  tube.  The  apparent  temperature,  which  increases  with  gas  presi  re, 
might  be  underestimated7  by  as  much  as  300°C  because  of  the  difficulties  in 
making  optical  pyrometry  measurements  on  the  sample  contained  in  the 
luminescent  plasma.  Nonetheless,  the  optical  pyrometer  temperatures  do 
provide  a  comparative  guide  in  MIP  processing  of  AIN. 

A  representative  plot  of  experimentally  measured  bulk  densities  as  a 
function  of  power  level  is  shown  in  Figure  1,  for  powder  K  densified  under  a 
g as  pressure  of  60  torr  for  =7  minutes.  No  densification  was  observed  at 
power  levels  below  0.4  kW,  while  power  levels  of  1  kW  caused  melting  of  the 
fused  silica  tube.  Power  levels  of  0.6  to  0.3  kW  were  found  to  be  optimum  for 
achieving  >90%  theoretical  densities  in  powder  K.  The  increased  density  with 
higher  power  is  consistent  with  the  higher  temperature  expected  as  electron 
concentration  and  plasma  density  increase  with  greater  applied  power.  The 
densities  obtained  in  MIP  sintered  AIN  were  also  improved  by  higher  gas 
pressures  during  processing.  Most  of  the  densification  of  AIN  was  completed 
in  less  than  15  minutes.  Powders  K,  D,  and  T  attained  their  highest  densities 
in  10  to  15  minutes  when  held  in  the  plasma  at  a  gas  pressure  of  100  torr  and 
a  power  level  of  0.6  kU.  Highest  densities  (92  to  95%  of  theoretical)  were 
obtained  in  powder  K  in  less  than  15  minutes. 


(2)  Microstructure  and  Chemistry 

One  of  the  major  advantages  of  plasma  sintering  is  the  finer  grain  size 
...a  comparison  with  conventionally  sintered  specimens.  SEM  micrographs  of  the 
fracture  surface  of  a  plasma  sintered  doped  AIN  sample  (powder  K)  and  that  of 
the  same  powder  conventionally  sintered  are  shown  in  Figure  2.  The 
micrographs  show  a  clear  reduction  in  grain  size  (=2  pm)  in  the  plasma 
sintered  sample  in  comparison  with  the  same  powder  fired  conventionally  at 
1810°C  for  4  hours  in  N2  (grain  size  =8  ^m) .  The  plasma  sintered  staple  also 
shows  a  uniform  microstructure  with  a  small  amount  of  evenly  distributed 
porosity . 

X-ray  photoelectron  spectroscopy  (XPS)  data  of  plasma  sintered  samples 
(powder  K)  were  compared  with  conventionally  sintered  samples  (98%  theoretical 
density).  Analyses  were  performed  on  freshly  fractured  surfaces,  and  are 
shown  in  Figure  3.  The  expected  peaks  for  Al ,  N,  0,  and  Y  were  observed  in 
both  spectra.  The  oxygen  content  in  the  plasma  sintered  sample  appears  to  be 
qualitatively  higher,  perhaps  due  to  the  unavoidable  presence  of  air  in  the 
plasma  tube  as  discussed  earlier. 

IV.  Summary  and  Conclusions 

(1)  Y203  doped  AlN  was  densified  in  less  than  15  minutes  in  a  microwave 
induced  plasma  (MIP)  to  a  density  of  =3.13  gm/cm3  (95%  of 
theoretical  value)  while  undoped  AlN  could  be  densified  to  only 
81%  of  theoretical  density. 

(2)  A  finer,  uniform  grain  size  of  =2  urn  was  obtained  in  MIP  sintering 
compared  with  a  grain  size  of  =8  nm  in  the  same  powder  sintered 
conventionally  in  N2  at  1810°C  for  4  hours. 
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(3)  The  presence  of  air  in  the  plasma  tube  during  MIP  processing 

influences  densif ication  behavior  because  of  the  formation  of  an 
Al203  layer  which  can  be  easily  flaked  off. 
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Figure  Captions 


Figure  1. 


Figure  2. 


Figure  3 . 


Bulk  density  as  a  function  of  forward  power  for  densif ication  of 
powder  K.  Optimum  power  level  is  in  the  range  of  0.6  to  0.8  kW. 
SEM  micrographs  of  (bottom)  plasma  sintered  AIN  with  Y203 
additive  (grain  size  =2  pm)  and  (top)  conventionally  sintered 
(lSlCC,  4  hours  in  N2)  AIN  with  Y203  additive  (grain  size 
=8  pm) . 

XPS  patterns  for  plasma  sintered  AIN  (top)  versus  conventionally 
sintered  AIN  (bottom) . 
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ABSTRACT 

Ceramic  powder  of  carbides,  oxides  and  oxide  solid  solutions  have  been  successfully 
synthesized  in  a  DC  thermal  plasma  jet  reactor  using  a  liquid  injection  method.  This  procedure 
has  been  developed  to  overcome  the  problems  associated  with  solid  injection  and  to  realize 
the  benefits  of  gaseous  reactants.  This  paper  presents  recent  results  based  on  liquid  injection 
plasma  synthesis  with  a  brief  comparison  of  gas  and  solid  injection  plasma  synthesis.  The 
materials  characterization  makes  use  of  standard  techniques. 

INTRODUCTION 

In  thermal  plasma  synthesis  the  reactants  may  be  gases,  liquids,  or  solids  before 
injection  into  the  plasma.  The  injection  process  is  not  trivial;  in  fact  it  can  be  a  serious 
problem  due  to  the  high  viscosity  of  the  plasma.  The  most  common  route  for  synthesizing  fine 
powders  in  thermal  plasmas  starts  with  at  least  one  solid  precursor.  The  reactants  undergo 
chemical  or  physical  changes  in  the  plasma  and  chemical  reactions  induced  on  or  within  the 
particle  itself  or  in  the  gas  phase  after  evaporation.  After  the  desired  chemical  reactions  are 
competed,  a  fast  quench  is  necessary  to  preserve  the  product.  Fast  quench  rates  (  >  105  K/s 
[1]  )  will  lead  to  homogeneous  nucleation,  resulting  in  ultrafine  particles  with  sizes  down  to 
10  nm.  If  heterogeneous  nucleation  processes  prevail,  larger  particles  (  »  100  nm  )  may  be 
formed.  Over  the  past  decade,  the  thermal  plasma  group  at  the  University  of  Minnesota  has 
synthesized  a  large  number  of  refractory  carbides  and  nitrides  [1-14]  using  transferred  arcs, 
convective  stabilized  free  burning  arcs,  and  DC  plasma  jets.  In  these  processes  solid  reactants 
and  reactive  carrier  gases  were  used  as  the  starting  materials. 
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Gas  phase  reactants  are  the  most  desirable  and  beneficial  starting  materials  for  plasma 
synthesis.  But  unfortunately,  gaseous  reactants  for  metals  are  severely  limited.  As  a 
consequence,  plasma  synthesis  depends  largely  on  solid  precursors.  However,  solid  feeding 
and  particle  injection  is  a  serious  problem  in  plasma  powder  synthesis.  There  are  major 
problems  [14,15]  associated  with  uniform  particle  injection  and  processing  in  thermal  plasmas. 

In  view  of  the  solid  injection  problems,  another  approach  has  been  developed  for 

achieving  the  benefits  of  gaseous  reactants,  but  avoiding  the  problems  associated  with  powder 

injection.  This  approach  is  termed  Liquid  Injection  Plasma  Synthesis  (LIPS).  There  are  two 

% 

methods  for  LIPS,  injection  parallel  to  the  flow  and  the  counter-flow  injection.  Parallel 
injection  into  RF  plasmas  for  synthesis  is  not  a  new  approach  and  has  been  studied  by 
Kagawa  et.al.  [16-19],  by  Lau,  Kong  and  Pfender  [20,21]  and  is  also  widely  used  in 
spectrochemical  analysis  [22].  LIPS  has  a  number  of  advantages  when  compared  to  the  solid 
injection  method  [23].  Counter-flow  LIPS  is  a  new  approach  which  provides  significant 
advantages  over  the  parallel-flow  LIPS  method.  (I)  In  counter-flow  LIPS,  the  heat  transfer 
between  the  plasma  and  the  liquid  droplets  is  substantially  higher  due  to  the  higher  relative 
velocities  between  droplets  and  the  plasma.  (2)  The  residence  time  for  the  liquid  droplets  in 
the  plasma  is  longer.  This  ensures  complete  evaporation  of  the  liquid  precursors,  i.e.  a  gas 
phase  reaction  in  the  plasma. 

The  feasibility  of  producing  ceramic  powders  by  this  counter-flow  LIPS  has  been 
demonstrated  by  the  synthesis  of  pure  oxides,  oxide  solid  solutions,  and  carbides.  The  pure 
oxides  include  alumina,  ceria,  cobalt  oxide,  lithia,  magnesia,  nickel  oxide,  ferric  and  ferrous 
oxides,  yttria,  zinc  oxide  and  zirconia.  The  synthesis  of  solid  solutions  have  been  restricted 
to  the  fully  stabilized  zirconia  system.  The  stabilizing  oxides  include  9  mole  7v  yttria  and  1 
mole  %  ceria  plus  9  mole  %  yttria.  The  carbides  include  silicon  carbide  and  boron  carbide. 
X-ray  diffraction  and  electron  microscopy  have  been  used  for  powder  characterization. 

EXPERIMENTAL  PROCEDURE 

The  experimental  setup  for  the  counter-flow  LIPS  is  shown  schematically  in  Fig  1  The 
reactor  contains  a  high  power,  swirl  stabilized,  DC  plasma  torch.  The  plasma  torch  is  ope  ated 
with  argon  at  a  flow  rate  of  30  g/min  at  atmospheric  pressure.  The  arc  voltage  assumes  values 
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Counter  flow  DC 
Plasma  Synthesis 
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around  30  V  for  pure  argon  and  the  arc  current  may  be  varied  between  300  to  1000  A. 
Therefore,  the  typical  power  input  for  a  pure  Ar  plasma  ranges  from  9  to  30  kW.  The  power 
of  the  plasma  torch  may  be  increased  to  higher  values  if  diatomic  gases  such  as  hydrogen  or 
nitrogen  are  added  to  the  main  flow.  The  torch  is  attached  to  a  water  cooled  reactant  and 
quench  gas  injection  flange,  followed  by  a  double  wall,  water  cooled  quartz  reaction  tube.  A 
water  cooled  collection  chamber  is  placed  directly  beneath  the  quartz  reaction  tube.  A  four- 
channel  water  cooled  stainless  steel  liquid  injection  probe  is  inserted  into  the  plasma  flame 
through  the  bottom  flange  of  the  collection  chamber.  Precursors  together  with  atomizing  gases 
are  injected  against  the  plasma  flow  for  vaporization.  A  well  defined  stagnation  region  is 
formed  at  the  confluence  of  the  two  flows  as  shown  in  Fig.  1.  At  the  outflow  of  the 
confluence,  fine  particles  nucleate  from  the  supersaturated  vapor.  For  single  phase  oxide 
synthesis  soluble  metal  acid  salts,  such  as  nitrates,  are  dissolved  in  distilled  water  to  prepare 
standard  (1  M)  stock  solutions.  Appropriate  amounts  of  the  stock  solutions  are  well  mixed  to 
prepare  homogeneous  precursors  for  solid  solutions  and  multi-component  compound  synthesis. 
For  all  cases,  either  oxygen  or  argon  served  as  the  atomizing  gas. 
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Fig.  1.  Experimental  set-up 


For  carbide  synthesis,  liquid  organometallics  are  used  as  precursors.  The  oxygen  content 
in  these  organometallics  is  quite  high  which  would  hamper  the  carbide  formation  if  it  is  not 
totally  controlled.  Therefore,  liquid  hydrocarbons  are  used  to  adjust  the  metal/carbon  ratio  in 
the  solution  mixture  to  maintain  a  high  carbon  content  and  to  ensure  complete  carbonization 
of  the  metal.  Instead  of  liquid  hydrocarbons,  methane  can  be  used  as  an  atomizing  reactive 
gas  in  the  reaction  to  keep  the  carbon/metal  ratio  high.  The  excess  amount  of  carbon  is 
controlled  by  using  hydrogen  in  the  plasma. 

For  all  experiments  the  liquid  flow  rate  is  set  at  20  ml/min  and  the  atomizing  gas  flow 
rate  at  1 10  ml/min. 

RESULTS  AND  DISCUSSION 

In  the  formation  of  oxides,  whether  they  are  compound  oxides  or  solid  solutions,  single 
phase  products  have  been  formed.  X-ray  diffraction  patterns  of  compound  oxides  such  as  NiO, 
MgO,  CeOj  and  Y203  are  shown  in  Fig.  2.  All  these  X-ray  diffraction  patterns  show  single 
phase,  pure  oxide  formation  without  impurities.  The  X-ray  line  profiles  indicate  that  the 
powder  size  of  the  oxides  produced  by  the  counterflow  LIPS  method  is  comparable  for  all 
oxides.  During  dispersion  these  powders  form  non-settling  colloidal  suspensions  indicating  that 
the  powders  are  ultrafine.  The  effects  of  solute  concentrations,  solution  feed  rates,  atomizing 
gas  flow  rates  and  velocities,  initial  droplet  sizes  and  quenching  of  vapor  on  the  final  particle 
size  distribution  are  still  under  investigation.  In  the  synthesis  of  MgO,  the  fine  panicles  will 
partially  hydrolyze  to  the  hydroxide  if  the  collection  chamber  is  water  cooled.  When  the 
collection  chamber  runs  hot,  no  hydrolysis  of  oxides  occurs. 

The  X-ray  diffraction  patterns  of  yttria  and  ceria/yttria  stabilized  zirconia  solid  solutions 
are  shown  in  Fig.  3.  The  9  mole  %  yttria  stabilized  zirconia  forms  a  cubic  solid  solution  and 
the  X-ray  lattice  parameter  is  0.5138  nm.  The  solid  solution  of  zirconia  stabilized  with  1 
mole  %  ceria  and  9  mole  %  yttria  also  forms  a  face-centered  cubic  structure  with  a  X-ray 
lattice  parameter  of  0.5160  nm.  The  unit  cell  of  this  new  solid  solution  expands  by  1.3  % 
when  compared  to  that  of  yttria  stabilized  zirconia.  This  is  equivalent  to  15.5  mole  %  yttria 
in  zirconia.  After  the  addition  of  1  mole  %  ceria  into  the  solid  solution  the  powder  turns 


The  X-ray  diffraction  patterns  of  SiC  and  B4C  are  shown  Fig.  3.  The  carbide  powders 
are  made  from  precursors  which  contain  a  high  amount  of  oxygen.  The  reaction  of  SiC  is 
almost  complete  except  for  a  minute  quantity  of  SiO  and  Si  formed  as  impurities.  Conversion 
of  the  silicon  precursor  to  the  carbide  should  improve  if  the  C/Si  ratio  is  adjusted  to  higher 
values.  (3-SiC  represents  the  major  phase  product  with  a  small  amount  of  the  a-SiC.  The 
precursor  for  the  B4C  reaction  is  an  aqueous  organoboron  which  contains  an  exceptionally 
high  amount  of  oxygen.  The  C/O  ratio  in  the  system  is  deliberately  set  very  high  for 
controlling  oxygen  and  to  allow  for  boron  carbide  formation.  No  attempt  has  been  made  to 
control  the  excess  carbon  in  this  particular  reaction.  Future  work  will  be  focused  on  the 
optimization  of  all  carbide  reactions  to  produce  single  phase  and  pure  products. 

The  particle  morphologies  of  Ce02  ,  NiO,  MgO,  and  Y20,  are  shown  in  Fig.  4.  The 
powders,  with  the  exception  of  ceria,  have  comparable  particle  size  and  the  size  distribution 
is  extremely  narrow  while  the  particle  size  ranges  from  0.05  to  0.2  pm.  Occasionally,  a  small 
number  of  spheres  larger  than  1  pm  in  size  are  observed.  These  larger  particles  are  probably 
formed  by  incomplete  evaporation  and  then  drying  of  the  initially  large  liquid  droplets  which 
is  an  indication  of  nonhomogeneous  initial  spray  droplets  size.  The  roundness  of  the  submicron 
particles  suggests  a  liquid  phase  nucleation  process.  These  submicron  particles  formed  loose 
agglomerates.  Interestingly,  Ce02  forms  nice  spheres  in  a  particle  size  range  from  1  to  13  pm. 
The  majority  of  the  particles  forms  in  a  narrow  particle  size  distribution  ranging  from  1  to  2.5 
pm.  Some  particles  show  a  completely  smooth  surface  which  indicates  that  the  particles  form 
a  total  liquid  phase  before  solidifying. 

The  particle  morphology  of  yttria  stabilized  zirconia  solid  solution  is  shown  in  Fig. 
5.  The  particle  size  distribution  is  quite  narrow  ranging  from  0.5  to  2  pm.  Similar  to  the  ceria 
particle  the  yttria  stabilized  zirconia  forms  spherical  particles.  Besides  spherically  smooth 
surfaces,  some  particle  nucleation  on  the  surface  have  been  observed.  This  indicates  that  the 
newly  formed  particles  act  as  nucleation  centers  for  the  incoming  vapor. 

SUMMARY 

Counter-flow  LIPS  is  a  new  promising  process  for  powder  synthesis.  This  process  holds 
substantial  advantages  over  both  the  parallel  flow  LIPS  and  the  solid  injection  plasma 


synthesis.  Synthesis  of  carbides,  oxides  and  oxide  solid  solutions  has  been  demonstrated. 
Synthesis  of  other  materials,  including  composites,  nitrides,  borides,  silicates,  appears  to  be 
feasible. 
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diffraction  profiles  for  (a)  9  mole  %  Y,0,  ,  (b)  1  mole  %  Ce02  /  9  mole  % 
stabilized  zirconia  solutions,  (c)  SiC  and  (d)  B4C. 
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ABSTRACT  In  some  plasma  processing  applications  the  products  can  be  meta-stable  with  regard  to  stoichiometry  and  phase 
structure.The  key  to  the  formation  of  these  products  is  a  rapid  rate  of  cooling  which  essentially  freezes  in  the  desired 
stoichiometries  and  phases.  The  required  cooling  rates  are  on  the  order  of  106  K/s.  Theoretical  work  suggests  that  it  may  be 
possible  to  use  gas  dynamic  techniques  on  plasma  synthesized  products  to  achieve  these  rates  of  cooling.  At  such  high  rates  of 
cooling  non-equilibrium  effects  strongly  influence  chemical  reaction  rates,  molecular  energy  transfer,  nudeabon,  condensation  and 
heat  transfer  processes.  A  theoretical  model  has  been  developed  to  account  for  these  effects  and  implemented  into  a  computer 
program  to  model  the  process. 

1.  INTRODUCTION  There  has  been  much  recent  work  which  demonstrates  that  it  is  possible  to  use  plasma  processing  in  a  wide 
variety  of  areas  including  the  synthesis  of  engineering  ceramics,  spheroidization  of  particles  and  extractive  metallurgy.  In  some 
applications  the  products  can  be  meta-stable  with  regard  to  stoichiometry  and  phase  structure.  An  example  of  such  a  product 
would  be  the  reduction  of  tungsten  oxide  in  an  Ar/CH4  plasma  to  beta-phase  tungsten  carbide1  -2.  While  these  products  may  be 
thermodynamically  favored  at  high  temperatures,  they  are  meta-stable  at  room  temperature  and,  consequently  during  cooling  from 
the  reaction  temperature,  may  suffer  unacceptable  degradation  in  quality.  The  key  to  the  production  of  these  meta-stable 
products  is  a  rapid  rate  of  cooling  from  formation  temperatures  to  temperatures  at  which  there  is  no  degradation.  This  cooling 
essentially  freezes  in  the  desired  stoichiometries  and  phases.  The  cooling  rates  required  are  on  the  order  of  106  to  108  degrees 
Kelvin  per  second1  -S'®. 

There  are  many  potential  advantages  to  using  this  type  of  process.  The  rapid  cooling  inhibits  reverse  reactions  so  that  metal 
oxides  could  be  used  directly  as  reactants  to  produce  metal  nitrides,  borides  and  carbides.  The  rapid  cooling  also  allows  for  the 
production  of  particles  with  unusual  phases  and  geometries1  -3’4'8'7  and  it  has  also  been  proposed  that  the  rapid  cooling  could  also 
be  used  as  a  means  of  preventing  reverse  reactions  in  the  extractive  metallurgy  of  elements  such  as  aluminum  and  magnesium8. 

Theoretical  work  suggests  that  it  may  be  possible  to  use  gas  dynamic  techniques,  i.e.  expansion  through  a  nozzle,  on  plasma 
synthesized  products  to  achieve  the  required  rates  of  cooling  in  a  process  that  has  the  potential  for  a  high  throughput.  At  these 
high  rates  ol  cooling,  non-equilibrium  effects  strongly  affect  the  progress  of  chemical  reactions  as  well  as  molecular  energy 
transfer  and  nudeation,  condensation  and  heat  transfer  processes.  A  theoretical  model  has  been  developed  to  account  for  these 
effects  and  implemented  into  a  computer  program  to  model  the  process.  An  example  has  been  done  using  methane  to  reduce  titanium 
dioxide  and  form  titanium  carbide. 

2.  BACKGROUND  In  many  of  the  plasma  processing  experiments,  the  technique  has  been  to  pass  the  reactants  and  an  inert 
carrier  gas  through  either  a  transferred  arc  piasma  or  an  RF  plasma.  The  source  of  the  metal  is  often  a  powdered  metal,  a  metal 
oxide  or  a  gaseous  metal  halide.  The  metal  is  usually  a  transition  metal.  Carbon  is  generally  used  as  the  reducing  agent  and  the  most 
common  soixoe  is  methane.  Excess  methane  or  an  alternative  source  of  carbon  can  be  used  to  produce  metal  carbides,  or  a  source  of 
nitrogen  or  boron  can  be  used  to  produce  metal  nitrides  and  borides4'9'1 0 .  The  reactant  stream  also  usually  includes  a  substantial 
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mass  fraction  of  an  inert  gas.  The  reactant  mixture  is  heated  to  high  temperatures  where  the  process  is  dominated  by  gas  phase 
reactions.  The  gas  temperatures  in  the  hottest  parts  of  the  plasma  are  usually  in  the  5,000  K  to  10,000  K  range.  While  these 
temperatures  are  higher  than  needed  for  the  desired  reactions  to  occur,  they  are  necessary  to  maintain  the  plasma  and  also,  in  the 
case  of  powdered  reactants,  to  help  vaporize  the  particles  during  the  short  residence  time  in  the  plasma  flame.  The  reactions 
continue  after  leaving  the  plasma  and  a  considerable  fraction  of  the  product  formation  occurs  when  the  product  stream  begins  to 
cool  after  passing  through  the  hot  spot  of  the  plasma.  Many  materials,  such  as  titanium  carbide  in  the  presence  of  oxygen,  are 
metastable  at  room  temperature  and  pressure.  Often,  however,  these  materials  are  effectively  highly  stable  because  of  large 
activation  energies  and  concomitantly  low  reaction  rates.  The  problem  in  the  processing  of  these  materials  arises  during  cooling 
from  plasma  temperatures.  Reverse  reactions  may  become  thermodynamically  favored  while  temperatures  are  still  relatively  high.  In 
this  case  reaction  rates  can  be  high  enough  to  cause  a  significant  degradation  of  the  desired  product  and  it  becomes  necessary  to 
property  handle  the  products  to  preserve  their  integrity.  In  experiments,  this  is  accomplished  by  rapid  cooing  using  such  techniques 
as  impingement  on  a  cooled  copper  plate,  dilution  by  an  inert  gas  or  free  expansion  into  a  vacuum. 

Experimental  results  suggest,  that  for  many  products,  a  cooling  rate  on  the  order  of  10®  K/s  may  be  sufficiently  rapid  to 
quench  undesirable  reactions.  Cooling  rates  up  to  10s  K/s  can  be  achieved  in  practical  systems  by  the  use  of  cold  gas  entrainment, 
flow  in  cold  wall  tubes  or  by  injection  into  fluidized  beds1 It  may  not,  however,  be  possible  for  these  techniques  to  be  used  in 
some  applications  because  the  exceptionally  high  rates  of  cooling  are  only  achieved  while  the  gases  are  at  high  temperatures. 
Extrapolation  of  results  suggests  that  the  actual  cooling  rates  may  be  well  below  106  K/s  when  the  temperature  of  the  product 
stream  falls  below  2000  K. 

It  is  proposed  here  that  adiabatic  expansion  through  a  converging-diverging,  (Oe  Laval),  nozzle  could  be  used  as  an  alternative 
means  to  produce  the  high  rates  of  temperature  change  required  to  preserve  meta-stable  products,  in  this  process,  the  reactants 
are  heated  in  a  plasma  and  then  expanded  through  a  converging-diverging  nozzle  to  freeze  in  the  desired  products.  Theoretical 
work  shows  that  it  should  be  possible  to  achieve  high  enough  rates  of  cooling  to  allow  the  use  of  metal  oxides  directly  as  reactants 
for  the  production  of  nitrides,  borides  and  carbides  and  that  it  may  also  be  possible  to  produce  ceramic  panicles  which  are  coated 
with  a  dissimilar  metal  in  the  same  one  step  process13-14 

A  nozzle  is  essentially  an  adiabatic  device.  The  total  enthalpy  of  the  flow  does  not  change  through  the  nozzle,  rather  energy  is 
given  up  from  the  molecular  modes  of  energy  storage  to  the  kinetic  energy  of  the  bulk  flow.  In  a  nozzle,  the  velocity  of  the  gas 
increases  continually  from  the  inlet,  reaches  the  sonic  point  near  the  throat  and  becomes  supersonic  in  the  diverging  section.  As  the 
velocity  increases  the  temperature  and  pressure  drop.  The  average  rate  of  cooling  in  a  supersonic  nozzle  is  on  the  order  of  107  K/s 
and  near  the  throat  an  order  of  magnitude  higher  than  that.  Because  of  this  rapid  cooling,  there  may  be  a  large  departure  from 
chemical  equilibrium  and  it  becomes  possible  to  freeze  in  chemical  species  which  would  normally  be  consumed  by  chemical  reactions  if 
the  temperature  change  were  to  occur  on  a  slower  scale.  At  the  end  of  the  cooling  process  in  the  nozzle,  the  product  stream  will  be 
moving  at  supersonic  speed.  In  order  to  avoid  reheating  the  products  by  shocking  the  flow  back  to  subsonic,  care  must  be  taken  in 
product  recovery.  It  is  proposed  to  exhaust  the  product  stream  into  an  expansion  chamber  maintained  at  a  pressure  lower  than  the 
exhaust  pressure  of  the  nozzle.  A  co-flowing  stream  ol  a  cold  gas  which  is  inert  with  respect  to  the  desired  products  can  be  used  to 
lower  the  total  enthalpy  of  the  product  stream. 

Although  in  application,  the  materials  used  to  construct  the  device  would  limit  the  pressures  and  temperatures,  these  limits  may 
be  quite  high.  Experimental  work13  shows  that  it  is  possible  to  run  a  reactor/nozzle  system  continuously  with  supply  pressures  on 
the  order  of  100  atmospheres  and  temperatures  near  6,000  K  by  cooling  the  reactor  and  the  nozzle  walls.  Short  component  life 
would  be  offset  by  the  characteristically  high  mass  flow  rates  in  nozzles.  It  may  also  be  possible  to  separate  the  nozzle  from  the 


plasma  by  some  distance  to  increase  the  residence  time  of  the  reactants  and  overcome  some  of  the  problems  associated  with  solid 
reactants  and  short  residence  times.  This  method  would  separate  the  recovery  of  products  from  the  plasma  process  itself  and 
could  conceivably  be  applied  to  any  type  of  plasma  reactor. 

In  any  non-equilibrium  system,  the  state  of  the  system  at  any  given  time  is  a  function  of  its  entire  history.  Species 
concentrations  in  a  non-equilibrium  system  depend  not  only  on  the  temperature  and  pressure  of  the  system,  but  at  what  rate  the 
temperature  and  pressure  were  changed  from  die  time  the  system  is  initially  disturbed  from  equilibrium  until  the  time  in  question. 

At  the  high  cooling  rates  associated  with  nozzle  flows  it  is  necessary  to  consider  energy  transfer  on  a  molecular  level.  In 
molecules,  energy  is  distributed  in  translational,  rotational,  vibrational  and  electronic  modes.  As  the  temperature  of  a  gas  is 
lowered,  the  distribution  of  energy  in  the  system  will  move  towards  a  new  equilibrium  in  accord  with  the  ambient  temperature  and 
pressure.  Translational  and  rotational  modes  equilibrate  quickly,  typically  within  several  molecular  colSsions16'21.  The  transfer  of 
energy  from  vibrational  modes  is  usually  an  inefficient  process  and  may  require  101  to  10*0  times  as  many  cofcaons  tor  relaxation  to 
occur.  Because  of  this,  when  the  temperature  of  a  gas  is  changed  rapidly,  there  is  often  residual  energy  left  in  the  vibrational 
modes.  In  this  case,  the  vibrational  temperature  is  higher  than  the  ambient  temperature  of  the  gas,  (temperature  being  a  measure 
of  the  energy  of  a  system).  Because  chemical  reaction  rates  are  strongly  dependent  on  the  vibrational  temperature22'24'  reaction 
rates  can  be  much  higher  than  would  be  expected  at  the  given  ambient  gas  temperature.  If  relaxation  is  slow  for  the  vibrational 
modes,  then  even  though  the  ambient  temperature  is  reduced,  there  may  still  be  an  unacceptably  high  rate  of  reverse  reactions13. 
Consequently,  the  rate  of  cooling  of  the  vibrational  modes  is  as  important  as  the  rate  at  which  the  overall  gas  temperature  is 
lowered  and  slow  vibrational  relaxation  can  affect  product  yields13-22'24. 

The  rate  at  which  energy  is  transferred  away  from  vibrational  modes  is  strongly  dependent  on  the  mass  of  the  collision 
partner11’*21 ,  with  light  molecules  being  far  more  effective  than  heavy  ones.  In  systems  with  a  high  mole  fraction  of  light  molecules, 
the  vibrational  relaxation  can  be  fast  enough  so  that  the  vibrational  temperatures  are  effectively  the  same  as  the  ambient 
temperature.  In  the  proposed  process,  the  use  of  methane  as  a  reducing  agent  has  a  two-fold  purpose.  It  provides  a  source  of 
carbon  to  reduce  the  oxide  and  form  the  carbide  and  it  also  provides  a  high  mole  fraction  of  hydrogen  which  is  essential  to  cool  the 
vibrational  modes  and  quench  reaction  rates.  Previous  work13  shows  that  in  these  flows  the  vibrational  temperatures  are 
maintained  within  a  few  degrees  of  the  ambient  temperature.  The  presence  of  light  molecules  is  also  important  during  condensation 
to  cool  the  droplets  as  they  grow  because  of  the  high  enthalpies  of  vaporization  of  ceramics.  This  allows  for  high  condensation  rates 
and  rapid  cooling  of  the  condensed  mass  which  can  result  in  meta-stable  phases. 

3.  MODEL  Row  in  the  nozzle  was  assumed  to  be  quasi-one-dimensional,  steady  state  and  adiabatic  and  transport  effects  were  not 
considered.  The  gas  was  assumed  to  behave  as  an  ideal  gas  and  local  properties  were  calculated  from  spectroscopic  data  under  a 
rigid  rotor-harmonic  oscillator  approximation.  Initially  a  chemical  reaction  mechanism  of  64  reactions  and  21  species  was  considered. 
However,  this  was  reduced  to  a  system  of  12  reactions  and  12  species.  Comparison  of  results  indicated  that  this  smaller  system 
could  adequately  describe  the  reactions  at  temperatures  above  1600  K.  The  process  was  designed  to  finish  aH  condensation  and 
reaction  processes  above  this  temperature.  Argon  was  included  as  an  inert  gas  to  increase  the  heat  capacity  of  the  system  per  mole 
of  reactant  species.  The  increase  in  thermal  mass  by  addition  of  the  inert  gas  allowed  for  the  condensation  process  to  occur  faster 
and  to  finish  at  a  higher  pressure.  Chemical  reaction  rates  were  taken  from  existing  data  wherever  possible.  The  rates  for  the 
reactions  involving  gas  phase  titanium  and  titanium  carbide  were  estimated  using  transition  state  theory13-2^  The  set  of  reactions 
and  reaction  rates  are  given  in  Table  I. 


Nudeation  In  the  system  was  modeled  using  the  classical  theory  which  is  based  on  the  capillarity  approximation26.  The  classical 
theory  assumes  that  the  thermodynamic  properties  of  the  microdusters  formed  during  nudeation  have  similar  thermodynamic 
properties  to  the  bulk  fluid.  It  was  assumed  that  the  classical  rate  of  nudeation  is  correct  to  within  a  multiplicative  factor27'31 
referred  to  as  the  replacement  factor,  r.  The  range  of  values  suggested  for  the  replacement  factor  vary  over  17  orders  of 
magnitude,  however,  several  researchers26'28'31  suggest  a  moderate  value  of  103.  Direct  experimental  values  were  not  available 
for  the  system  under  study.  However,  comparison  with  tables29  of  experimental  values  for  species  with  similar  degrees  of 
supersaturation,  critical  nuclei  size  and  mass  fraction  of  condensing  species  suggested  a  correction  factor  of  between  10'2  and 
10+6.  The  actual  value  was  shown  to  be  relatively  unimportant  in  this  system  and  a  value  of  1.0  was  used  tor  most  cases.  The 
classical  rate  of  nudeation  is  given  as36, 
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Because  of  the  high  surface  tension  of  titanium  carbide  a  significant  degree  of  supersaturation  is  required  for  the  formation  of 
nudei.  As  a  result,  it  is  possible  for  the  gas  in  the  plasma  to  become  highly  supersaturated  with  titanium  carbide  before  nudeation 
occurs.  This  is  important  because  the  vapor  pressure  of  titanium  dioxide  is  much  higher  than  that  of  titanium  carbide.  When  titanium 
dioxide  is  vaporized  with  a  source  of  carbon,  gas  phase  reactions  occur  to  form  gaseous  titanium,  titanium  carbide  and  carbon 
monoxide.  The  partial  pressure  of  titanium  carbide  is  men  much  higher  than  couid  be  achieved  by  dired  vaporization  of  titanium 
carbide.  This  supersaturated  concentration  is  maintained  without  nudeation  and  subsequent  condensation  until  a  significant  degree 
of  undercooling  occurs  and  raises  the  supersaturation  to  a  critical  level. 

In  mis  model,  nudeation  was  considered  only  for  titanium  carbide.  This  species  reached  critical  supersaturation  at  a 
temperature  well  above  any  other  spedes.  It  was  assumed  that  the  other  species  then  condensed  onto  the  existing  titanium  carbide 
nudei  in  a  heterogeneous  process.  As  the  other  species,  i.e.,  gaseous  titanium  and  carbon,  condensed  on  to  the  existing  nudei,  their 
partial  pressures  were  lowered  enough  so  that  they  never  reached  suffident  supersaturation  for  homogeneous  nudeation. 

The  presence  of  a  large  mole  fraction  of  hydrogen  was  important  during  the  condensation  process.  The  high  mole  fraction  of 
light  molecules  and  the  concomitantly  high  heat  transfer  rate  maintained  me  droplet  temperature  at  or  near  the  ambient  gas 
temperature  during  the  condensation  process. 

The  rate  at  which  a  spedes  condenses  to  a  droplet  depends  on  the  partial  pressure  of  the  condensing  species  in  the  atmosphere 
surrounding  the  droplet  and  the  equilibrium  vapor  pressure  of  mat  spedes  over  the  droplet.  The  vapor  pressure  of  a  species  over  a 
droplet  depends  on  the  temperature  and  also  the  radius  of  the  droplet  because  of  surface  tension  effects.  If  the  vapor  pressure  of 
a  species  over  the  droplet  is  greater  than  its  partial  pressure  in  the  surrounding  atmosphere,  the  species  will  not  condense.  The 
ratio  of  these  pressures  can  be  used  to  estimate  the  effective  number  of  condensing  to  non-condensing  collisions  tor  a  spedes. 

The  stoichiometry  of  a  droplet  can  greatly  influence  the  vapor  pressures  of  its  individual  component  species  over  the  droplet. 
This  can  affect  the  rate  at  which  each  species  condenses  to  the  droplet  from  the  surrounding  atmosphere  and  thus  can  affect 
droplet  stoichiometry  by  allowing  preferential  condensation  of  one  spedes  over  another.  This  applies  to  titanium  and  carbon.  Figure 
1  show  that  any  deviation  from  a  one  to  one  ratio  of  carbon  to  titanium  will  result  in  lowered  vapor  pressure  of  the  lesser  spedes 


over  toe  droplet.  The  resulting  effect  tends  to  maintain  the  stoichiometry  of  the  particle  near  a  one  to  one  ratio.  This  stoichiometric 
influence  on  vapor  pressure  may  explain  why  some  experimental  results1  show  products  with  stoichiometries  near  a  one  to  one  ratio 
of  metal  to  cartoon  even  though  these  stoichiometries  are  favored  over  only  a  very  narrow  range  of  conditions. 


For  an  ideal  gas  flow  in  a  nozzle  the  fluids  equations  may  be  written  as32, 
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The  coupling  between  fluid  motion,  chemical  reaction  and  condensation  is  through  the  properties  of  the  fluid.  In  the  final  form 

the  governing  equations  may  be  written  as13, 
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And  the  rate  of  change  of  chemical  species  in  the  gas  phase  is  given  as, 
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Where  f(f,T,g)  is  the  rate  of  toss  to  the  condensed  phase  which  indudes  both  nudeation  and  condensation  and  the  summation  is  over 
all  chemical  reactions  involving  the  i*1  species.  Condensation  rates  are  given  as, 
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Which  is  the  rate  ol  molecular  coHisions  based  on  kinetic  theory  using  the  radius  of  the  nucleus,  the  speed  oi  the  molecule  and  an 
efficiency  of  condensation  based  on  the  ratio  of  the  equilibrium  vapor  pressure  of  the  species  over  the  droplet  to  the  partial 
pressure  of  the  species  in  the  atmosphere  surrounding  the  droplet. 


The  nozzle  geometries  were  modeled  as  axisymmetric  hyperbolic  with  the  variation  in  area  following  the  relation, 

A  /A*  m  (l.o  +  x2/L2>  (17) 

where  A*  is  the  area  of  the  throat,  x  is  the  distance  from  the  throat  and  L  is  the  ratio  of  the  throat  radius  to  the  tangent  of  the 
half  angle  of  the  asymptotic  cone.  Inlet  values  for  L  were  taken  as  1 .0  and  exit  values  used  varied  between  5.0  and  1 4.0.  The  rate  of 
temperature  change  in  a  nozzle  is  inversely  proportional  to  the  L  value  of  the  nozzle. 

4.  NUMERICAL  SOLUTION  The  mathematical  nature  of  the  equations  which  describe  the  flow  change  from  mixed  hybrid-elliptic  to 
hyperbolic33  with  a  singularity  at  the  sonic  point  which  occurs  near  the  throat.  This  means  that  downstream  conditions  affect  the 
solution  in  the  converging  section  of  the  nozzle.  Reaction  rates  and  nudeation  are  exponential  functions  of  temperature  which  makes 
the  set  of  equations  numerically  stiff. 

Because  it  is  a  boundary  value  problem,  there  is  only  one  admissible  solution  which  will  give  supersonic  Row  in  the  diverging 
section  of  the  nozzle.  For  a  specified  nozzle  geometry  and  inlet  conditions,  the  unknown  parameter  is  the  inlet  velocity.  This  velocity 
is  not  known  a  priori  because  of  the  non-equilibrium  nature  of  the  flow.  Instead  a  shooting  method  is  used  where  an  initial  velocity  is 
guessed  and  the  equations  integrated  through  the  nozzle  to  see  if  the  boundary  conditions  are  met  at  the  sonic  point.  In  general  this 
required  a  number  of  iterations  to  find  the  inlet  velocity  corresponding  to  the  admissible  solution.  Numerical  integration  techniques 
have  difficulties  with  singularities.  To  cross  the  sonic  point,  which  is  singular,  the  integration  was  stopped,  an  extrapolation  made 
and  the  integration  then  restarted.  In  general,  integrations  were  continued  very  close  to  the  sonic  point,  about  M  -  0.998,  and  the 
extrapolation  distances  were  on  the  order  of  0.01  mm. 

A  6th  order  multi-step  predictor-corrector  integration  technique  was  used34.  During  the  integrations,  mass  flow,  total 
system  enthalpy  and  the  ratio  of  species  were  monitored  as  a  check  on  accuracy.  The  average  relative  variation  of  any  of  these 
quantities  throughout  the  integration  was  on  the  order  of  one  part  per  ten  thousand. 

5.  RESULTS  As  this  was  a  first  investigation  into  the  feasibility  of  a  process,  only  the  main  physical  parameters  were  varied  to 
search  for  a  set  of  conditions  where  this  process  could  be  effective.  Because  of  the  computational  intensive  nature  of  the  problem 
and  available  computer  time,  only  a  limited  number  of  cases  could  be  considered.  The  physical  parameters  varied  were  nozzle 
geometry,  initial  temperature  of  the  reactants  and  degree  of  inert  gas  dilution. 

The  program  was  run  until  the  gas  temperature  in  the  nozzle  had  dropped  to  1600  K.  It  was  assumed  that  at  this  point  the  gas 
would  be  exhausted  into  the  expansion  chamber  and  the  total  enthalpy  lowered  by  dilution  with  an  ineri  gas.  Although  the  cooling 
rates  are  still  high  at  this  point  and  the  gas  could  be  further  expanded  to  lower  temperatures  quickly,  the  pressure  starts  to  fall 
rapidly  and  the  velocity  of  the  gas  increases.  Both  of  these  effects  would  serve  to  make  the  product  stream  more  difficult  to 
handle.  On  this  basis  it  is  desirable  to  complete  all  processes  at  the  highest  pressure  possible. 

The  initial  conditions  were  determined  by  assuming  sufficient  Tr02  had  been  vaporized  to  reach  its  equilibrium  vapor  pressure 
at  the  specified  temperature  and  that  this  was  mixed  with  the  specified  mole  fraction  of  methane  and  argon. 

At  3900  K  a  stoichiometric  quantity  of  T1O2  and  methane  yields  a  gaseous  mixture  containing  TiC  and  Ti  at  partial  pressures  of 
about  0.5  aim  each  with  the  remaining  carbon  bound  as  CHX ,  C  and  C2  and  virtually  no  oxides  of  titanium.  The  supersaturation  of 
TiC  is  about  f  1 .  however  the  nudeation  rate  is  negligible.  It  is  not  until  the  reactants  are  highly  supercooled  that  nudeation  becomes 
significant.  It  was  found  that  the  presence  of  a  high  mole  fraction  of  hydrogen  inhibited  the  polymerization  of  carbon  and  the 
resulting  concentrations  of  C3  and  higher  carbons  were  negligible13.  The  initial  concentrations  at  3900  K  and  13.9  atm  pressure 
are  given  in  Table  II. 
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Figure  2  shows  a  plot  of  the  natural  logarithm  of  nuclealion  rate  versus  distance  along  the  nozzle.  The  plot  is  for  the  region  near 
the  throat  where  the  rate  of  temperature  change  is  on  the  order  of  10®  K/s.  The  nudeation  rate  rises  by  a  factor  of  107  from  4 
mm  before  the  throat  to  a  peak  rate  of  1024  nuclei/m3-s  right  at  the  throat.  Over  this  distance  the  supersaturation  rises  from  20 
to  100  and  the  minimum  number  of  molecules  to  form  a  stable  nucleus  drops  from  20  to  about  10.  Almost  all  nudeation  occurs 
between  i  mm  before  and  1  mm  after  the  throat  The  loss  of  material  from  the  gas  phase  lowers  the  supersaturation  enough  so  that 
the  rate  of  nudeation  drops  20  orders  of  magnitude  and  no  further  nuclealion  occurs.  Plotted  along  the  bottom  of  the  graph  is  the 
mass  fraction  condensed  which  begins  to  grow  as  condensation  occurs  to  the  existing  nuclei.  The  only  significant  effect  of  varying 
replacement  factor  was  to  move  the  point  at  which  peak  condensation  occurred  in  the  nozzle  by  about  a  millimeter. 

The  effect  of  initial  temperature  on  the  process  was  considered.  Lower  initial  temperatures  are  desirable  from  both  an  energy 
and  a  materials  point  of  view.  However,  the  temperature  must  be  high  enough  that  there  is  a  significant  partial  pressure  of 
reactants.  Equilibrium  calculations  indicated  that  a  minimum  temperature  of  approximately  3800  K  would  be  needed  to  provide  a 
sufficient  partial  pressure  of  titanium  bearing  species.  A  comparison  of  results  between  3800  K  and  3900  K  is  given  in  Table  III. 
Higher  initial  temperatures  which  have  higher  initial  pressures  result  in  larger  particle  sizes.  An  initial  temperature  of  3900  K  gave 
satisfactory  results  and  was  used  throughout  the  rest  of  this  study. 

Figure  3  shows  a  plot  of  temperature  and  mass  fraction  condensed  versus  distance  along  the  nozzle.  The  temperature  rises 
during  condensation  because  of  the  high  enthalpy  of  vaporization  for  titanium  carbide.  This  temperature  rise  slows  the  condensation 
process.  Table  IV  shows  a  comparison  of  dilution  by  Argon  at  0, 3  and  6  moles  per  mole  of  titanium.  The  effect  of  dilution  is  to 
increase  the  heat  capacity  of  the  product  stream  which  limits  temperature  rise  during  condensation.  This  allows  condensation  to 
occur  more  quickly  in  Ihe  nozzle  and  finish  at  a  higher  total  pressure.  This  is  important  because  higher  exhaust  pressures  represent 
less  pump  work  required  in  the  process.  A  dilution  of  3  to  1  appeared  to  give  satisfactory  results.  No  dilution  allowed  for  too  high  a 
temperature  rise  during  condensation  and  higher  dilutions  increase  the  energy  required  to  heat  Ihe  reactants. 

The  third  physical  parameter  considered  was  the  nozzle  geometry  in  the  diverging  section.  Inlet  nozzle  geometry  has  only  a 
secondary  effect  because  little  happens  until  just  before  the  throat  The  exit  nozzle  geometry  has  the  largest  effect  on  the  cooling 
rates  in  the  nozzle.  The  steepest  exit  cone  angles  gave  an  average  cooling  rate  of  approximately  20x10®  K/s  while  the  shallowest 
angle  had  an  average  cooling  rate  of  7x10®  K/s.  Table  V  shows  a  comparison  of  different  nozzle  exit  geometries.  The  main  effect  is 
the  fraction  of  titanium  which  remains  uncondensed.  The  nozzle  with  the  highest  L  value,  (shallowest  angle),  has  the  least  amount  of 
titanium  which  remains  uncondensed  at  about  0.2  percent  while  particle  size  is  relatively  unaffected  by  the  angle.  A  nozzle  with  a 
shallow  exit  cone  would  be  preferable  in  order  to  allow  for  more  complete  condensation. 

Deviation  from  an  initial  carbon  to  titanium  ratio  of  3.0  was  not  considered.  A  lower  ratio  may  not  provide  enough  carbon  to 
completely  reduce  the  metal  oxide  and  a  higher  ratio  could  result  m  the  polymerization  of  carbon  and  soot  formation. 

6.  CONCLUSIONS  The  results  obtained  indicate  that  this  technique  could  be  a  viable  process  for  the  treatment  of  product 
streams  in  plasma  processing.  Although  there  were  a  number  of  assumptions  made  in  the  modeling  of  this  process,  the  largest 
unknown  was  the  replacement  factor  for  the  nudeation  rate  and  this  parameter  was  shown  to  be  of  only  secondary  importance.  An 
initial  temperature  in  the  range  of  3800  to  4000  K  was  found  to  produce  good  results  and  is  typical  of  the  average  temperature  of 
flow  from  a  plasma  since  only  a  part  of  the  reactants  actually  pass  through  the  hot  spot  and  are  heated  to  the  10,000  K  range. 

The  use  of  methane  as  a  reducing  agent  was  shown  to  be  important  because  it  also  provided  a  source  of  hydrogen.  A  large  mole 
fraction  of  hydrogen  was  necessary  to  cool  both  the  vibrational  modes  of  energy  storage  and  droplets  during  condensation.  Without 
this  source  of  hydrogen,  chemical  reaction  rates  would  remain  high  even  though  the  ambient  gas  temperature  is  reduced  and  the 


condensation  process  would  take  an  order  of  magnitude  longer  because  of  heating  due  to  the  high  enthalpy  of  vaporization  of 
titanium  carbide.  The  hydrogen  also  inhibits  the  polymerization  of  carbon  to  form  soot. 

The  by  products  of  this  process  are  primarily  CO,  Hand  H2  which  could  be  catalyzed  into  a  number  of  secondary  products.  The 
high  cooling  rates  and  rapid  condensation  suggests  that  this  process  could  also  be  applied  to  extractive  metallurgy.  By  addition  of 
only  enough  carbon  to  reduce  the  metal  oxide  and  the  addition  of  a  source  of  nitrogen  or  boron  it  may  also  be  possible  to  produce 
metal  nitrides  and  borides  directly  from  metal  oxides. 

It  was  assumed  that  titanium  and  carbon  atoms  would  condense  onto  existing  TiC  particles  when  their  partial  pressures  were 
above  their  equilibrium  partial  pressure.  This  always  occurred  before  either  species  reached  a  critical  supersaturation  for 
homogeneous  nudeation  to  begin.  This  suggested  that  it  may  be  possible  to  produce  particles  with  coatings  of  dissimilar  materials. 
For  example  in  the  TiC  system,  the  addition  of  copper,  which  has  a  relatively  high  vapor  pressure,  would  have  Hole  effect  until  an 
almost  complete  condensation  of  titanium  and  carbon  has  occurred.  After  the  titanium  and  carbon  have  condensed  onto  the  TiC 
particles  and  the  temperature  of  the  system  is  lowered  further,  the  copper  would  condense  onto  the  existing  TiC  particles  in  a 
heterogeneous  process.  This  would  produce  copper  coated  titanium  carbide  particles.  As  with  the  titanium  and  carbon  atoms,  the 
copper  will  not  reach  a  critical  supersaturation  because  of  the  heterogeneous  condensation.  This  process  could  apply  to  any  species 
with  relatively  high  vapor  pressures  such  as  silver,  gold,  indium  or  zinc.  More  than  one  coating  species  could  be  used  in  this  process 
to  produce  alloyed  coatings  or  coatings  with  concentrations  which  vary  with  the  radius  of  the  particle.  Coated  particles  produced  in 
this  manner  could  have  important  applications,  tor  example,  where  ceramics  are  used  in  a  metal  matrix. 
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TABLE  I.  Reactions  and  Reaction  Rates 


TABLE  I!  Initial  Concenlrations 


Reaction  Rate  m3/mol-s 


CH4 

+ 

M 

• 

ch3 

+ 

H  +  M 

kf.  U  *10” 

•  e-4-r,4S57T 

CH4 

+ 

H 

• 

CH3 

+ 

H2 

k|  -  6.3  *107 

•  e-  5990/T 

h2 

+ 

M 

■ 

H 

+ 

H  +  M 

kf.  2.2  *10e 

•  e-48,300/T 

CH2 

+ 

Ti 

m 

TiC 

♦ 

H2 

kf.  12  *103 

•  T1  -1 6  *  e-2500/T 

CH2 

+ 

H2 

■ 

ch3 

+ 

H 

kf-  3.2  *106 

•  e-3525/T 

CH2 

+ 

H 

m 

CH 

+ 

h2 

kf-  3.2  *105 

•  j0.7  •  g-2500/T 

CH 

+ 

H 

m 

C 

+ 

h2 

kf.  6.3  *105 

•  y0.5  *  e-400fl/T 

CH4 

♦ 

CH 

• 

ch2 

+ 

ch3 

kf.  2.5  *105 

•  j0.7  •  e-3000/T 

TiC 

+ 

M 

u 

Ti 

+ 

C  +  M 

kf.  6.8  *106 

•  j0.5  •  e-64,07l/T 

Ti 

+ 

CH 

m 

TiC 

+ 

H 

kf .  1 2  "  104 

•  y0.81 

Ti 

+ 

C2 

u 

TiC 

+ 

C 

kf.  12  *102 

•  T1.48  *8-7035 n 

C 

+ 

CH 

m 

c2 

+ 

H 

kf.  6.3  *105 

•  j0.5 

Tn  -  3900  K,  P  .  13.15  atm,  p  «  0.737  kg/m3 

CH4/Ti02  • 

3.0,  Ar/Ti02  ■  3.0 

Species 

Concentration 

TiC 

2.05  mol/kg 

Ti 

1.99 

C 

0.31 

C2 

0.75 

H2 

17.82 

H 

12.45 

CH 

0.085 

CH2 

0.021 

ch3 

0.066 

CH4 

0.007 

CO 

8.07 

A  r 

1211 

TABLE  III.  Effect  of  Initial  Temperature  on  Condensing  Flow  TABLE  V.  Effect  of  Nozzle  Exit  Geometry  Factor.  Le 


Un  - 1-0  Lexit-10.0  CH4/TiC>2«3.0  Mn«1.0  CH4/TiC>2  =  3.0  Ar/Ti02  -  0.0 

Ar/Ti02  «  0.0  Replacement  Factor,  r  « 1 .0  To- 3900  K  Replacement  Factor,  r«  1.0 


IniJal  Temperature 

3800  K 

3900  K 

Initial  pressure.  Po 

6.55 

TO 

ami 

Partial  pressure  TiC 

0.305 

0.483 

atm 

Supersaturation  TiC 

12.8 

112 

Initial  density,  po 

0.2477 

0.3810 

kg/m3 

Final  particle  size 

0.026 

0.039 

pm 

Ti  (g)l600 

2.0 

1.7 

% 

( A/A*)i  600 

25 

26 

Final  pressure,  Pi600 

0.0232 

0.0344 

atm 

Note:  The  subscript  1600  refers 

to  the  point  in  the  nozzle 

where  the  temperature  of  the  gas  was  1600  K.  Ti(g)  is  the 
percentage  of  uncondensed  titanium  remaining  in  the  gas 
phase. 


TABLE  IV.  Effect  of  Inert  Gas  Dilution  on  Condensing  Row 

Ljfi  —  1.0  Lexit  *  10.0  CH4/Ti02  —  3.0 

Tq  «  3900  K  Replacement  Factor,  r  « 1 .0 


Ar/Ti02 

0.0 

3.0 

6.0 

Initial  mass  fraction  A r 

0.0 

0.483 

6.662 

Initial  mole  fraction  Ar 

0.0 

0216 

0.363 

Final  particle  size 

0.039 

0.035 

0.034 

pm 

Ti  (3)1600 

1.7 

0.38 

0.15 

% 

(A/A')i600 

26 

15 

11 

Final  pressure,  Pi 600 

0.0344 

0.078 

0.141 

atm 

Nozzle  Geometry  Le-5.0  Le  *  10.0  Le-14.0 

Final  particle  size  0.0345  0.035  0.035  pm 

Ti  (g)l600  1-77  0.38  0.185  % 

(A/A*)i600  16  15  16 

Length  throat  to  exit  19.4  37.4  54.2  cm 

Final  pressure,  Pi$00  0-075  0.078  0.076  atm 


SYMBOLS 

A  area 

Cp  constant  pressure  specific  heat 

g  condensed  mass  fraction 

h  enthalpy 

Jcl  nucleation  rate 

k  Boltzmann  constant 

kf.kp  reaction  rates 

L  nozzle  geometry  factor 

M  Mach  number 

n*  number  of  molecules  in  nucleus  of  critical  size 

N  number  of  molecules 

P  thermodynamic  pressure 

Pd  equilibrium  vapor  pressure  over  a  droplet 

Pv  partial  pressure  of  a  species  in  the  vapor  phase 
r*  critical  nucleus  radius 

R  gas  constant 

S  supersaturation 

T  temperature 

u  axial  velocity  in  nozzle 

x  distance  along  nozzle 

Z  collision  rate 


$  chemical  concentration  molesikg 

F  replacement  factor 

y  ratio  of  specific  heats 

p  molecular  weight 

pv  density  vapor  phase 

pc  density  condensed  phase 

a,.  surface  tension  of  bulk  liquid 


lol 


Tinvtoi 


♦900 *K 


FIGURE  1A.  Calculated  vapor  pressures  of  titanium  and 
carbon  over  titanium  carbide  at  3000  K.  (Reference  • 
Transition  Metal  Carbides  and  Nitrides,  LE.  Totn,  Academic 
Press,  pp.  136-137, 1971) 


OS  OS  07  as  09  10 
C/Ti  Atomic  rotio 


FIGURE  IB.  Calculated  vapor  pressures  of  titanium  over 
titanium  carbide  at  1900  K.  (Reference  -  Transition  Metal 
Carbides  and  Nitrides,  LE.  Toth,  Academic  Press,  pp.  136- 
137, 1971) 


FIGURE  2.  Nucleation  data  versus  distance  from 
the  throat.  To  «  3900  K,  Ljn«  1.0,  Lexit“  I40- 
CH4ffi02  -  3.0,  Ar/Ti02  -  3.0,  T  -  1.0 

A  Ln  Nucleation  rate  #/m3-sec. 
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FIGURE  3.  Temperature  and  mass  fraction 
condensed  versus  distance  from  the  throat. 

To-  3900  K,  Lin-  1.0,  Lexit*  14-0.  CH4fTi02  * 
3.0,  ArffiC>2  «  3.0,  T  «  1.0 
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ABSTRACT 

Plasma  processing  parameters  and  reactor  configu¬ 
rations  were  evaluated  for  the  production  of  visibly 
transparent,  conductive  tin  oxide  films  at  low  temper¬ 
atures.  High-quality,  mercuric  iodide  photodetectors 
were  constructed  having  tin  oxide  electrodes  deposited 
under  more  and  less  severe  conditions.  The  relative 
quantum  efficiencies  of  these  detectors  were  measured. 

INTRODUCTION 

In  this  paper  we  determine  plasma  processing  para¬ 
meters  for  depositing  thin,  conductive,  tin  oxide  films 
on  Hgl2  substrates  at  relatively  low  temperatures.  By 
developing  low-temperature  electrode  deposition  tech¬ 
niques,  we  hope  to  eliminate  the  adverse  effects  that 
heating  has  on  both  the  transient  and  steady-state 
charge  collection  properties  of  the  crystal  under  illu- 
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mination  (trapping  and  polarization  effects) .  In  addi¬ 
tion,  we  report  relative  quantum  efficiency  measure¬ 
ments  as  a  function  of  wavelength  for  Hgl2  photodetec¬ 
tors  possessing  plasma-deposited  electrodes. 

EXPERIMENTAL 

A  schematic  diagram  of  the  plasma  deposition  appa¬ 
ratus  is  shown  in  Figure  1.  Tetramethyltin,  oxygen,  and 
argon  were  admitted  to  the  plasma  chamber  through  cali¬ 
brated  leaks.  Oxygen  and  argon  were  obtained  from 
Matheson  at  stated  purities  of  99.997  and  99.999  %,  re¬ 
spectively.  Both  gases  were  used  without  further  puri¬ 
fication.  Tetramethyl  tin  was  obtained  from  Fluka 
Chemie  AG  at  a  stated  purity  of  99.5  %.  It  was  degassed 
prior  to  use  by  three  freeze-pump-thaw  cycles.  The  room 
temperature  vapor  pressure  of  liquid  Sn(CH3>4  (120 
Torr)  was  sufficient  to  provide  gaseous  Sn  ( CH3 ) 4  for 
the  experiments. 

A  radiofrequency  (13.56  MHz)  electric  field  was 
capacitively-coupled  to  the  gaseous  reactants  through 
14  cm- in-diameter,  aluminum  electrodes.  The  electrode 
spacing  was  4.0  cm.  Radiofrequency  power  densities  of 
0.065-0.975  watts/cm^,  were  used  to  deposit  the  tin 
oxide  coatings.  Substrates,  to  be  coated,  were  placed 
on  the  grounded,  water-cooled,  bottom  electrode. 

Two  reactor  configurations  were  used:  (1)  Sn  (0^3)4 

and  O2  mixed  in  the  glow  region  (configuration  A)  and 
(2)  Sn(CH3)4  and  O2  mixed  prior  to  entering  the  glow 
region  (configuration  B) .  Tetramethyltin,  oxygen,  and 
argon  flow  rates  were  on  the  order  of  0.5,  5,  and  15 
seem,  respectively.  Gas  pressures  were  measured  using  a 
variable  capacitance  manometer.  The  total  pressure  in 
the  chamber  was  typically  91  Pascals  (0.7  Torr).  Under 
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these  conditions  film  deposition  rates  of  2.5  nm/min 
and  75  nm/min  were  recorded  for  configurations  A  and 
B,  respectively.  It  should  be  noted  that  it  was  neces¬ 
sary  to  use  substantial  amounts  of  argon  back-  ground 
gas  in  order  to  produce  reasonably  conductive  coatings 

(1-10  fl'^cm-l) .  Other  researchers^  have  reported  the 
successful  production  of  non-conductive,  tin  oxide 
films  at  room  temperature  using  plasma  deposition  and 
gaseous  mixtures  of  Sn(CH3)4  and  03.  Using  their  plasma 
processing  parameters  we  always  produced  copious  a- 
mounts  of  powder  (see  Figure  2)  with  an  average  parti¬ 
cle  size  of  0.25  (i.  This  difference  can  probably  be  at¬ 
tributed  to  the  fact  that  their  substrates  were  placed 
outside  of  the  glow  region. 

Mercuric  iodide  photodetectors  were  constructed  by: 

(1)  coating  a  sapphire  substrate  with  carbon  (Aquadag) , 

(2)  plasma-depositing  a  5  mm-in-diameter  tin  oxide 
electrode  on  a  Hgl2  crystal  (10x10x1  mm),  (3)  attaching 
the  coated  Hgl2  crystal  to  the  coated  sapphire  sub¬ 
strate  with  RTV  silicone  at  two  diagonal  corners,  and 
(4)  attaching  thin  gold  leads  to  the  top  and  bottom 
electrodes  with  more  Aquadag. 

Photodetectors  were  coated  under  two  sets  of  condi¬ 
tions  chosen  to  be  representative  of  more  and  less  se¬ 
vere  environments.  In  the  most  severe  case  a  Hgl2  crys¬ 
tal  (specimen  Cl)  was  thermally  isolated  from  the 
water-  cooled  bottom  electrode  on  a  quartz  pad.  The 
crystal  was  under  vacuum  for  30  minutes  and  exposed  to 
the  rf  plasma  for  20  minutes.  Furthermore, . the  stain¬ 
less  steel  mask  above  the  Hgl2  crystal  was  heated  by 
ion  and  electron  bombardment  in  the  plasma  resulting  in 
crystal  heating  to  ~100°C.  In  the  less  severe  case  a 
Hgl2  crystal  (specimen  C2)  was  thermally  connected  to 


the  water-cooled  electrode  by  a  sapphire  pad.  The  crys¬ 
tal  was  under  vacuum  for  10  minutes  and  exposed  to  the 
plasma  for  2  minutes.  The  mask  was  made  out  of  teflon 
and  the  crystal  reached  a  temperature  of  ~30°C. 

The  relative  quantum  efficiencies  of  the  Hgl2 
photodetectors  were  measured  as  a  function  of  wave¬ 
length  by  comparing  the  photoresponse  of  the  Hgl2  de¬ 
tectors  to  the  calibrated  responsivity  as  a  function  of 
wavelength  of  an  EG&G  SGD  200  photodiode.  An  Ealing  100 
tungsten  halogen  light  source  was  passed  through  a  CVI 
Laser  Digikrom  240  monochromator  and  focussed  by  a 
Newport  F-917T  multimode  fiber  coupler  into  a  multimode 

fiber  (50p.  core)  that  was  routed  to  a  light-tight  sam¬ 
ple  chamber.  The  detectors  were  mounted  on  a  stage 
within  the  sample  chamber  to  allow  the  measurement  of 
their  quantum  efficiency  as  a  function  of  position  at  a 
fixed  wavelength.  Photodetector  outputs  were  measured 
using  a  Keithley  617  electrometer  interfaced  to  an  HP 
300  series  computer. 

RESULTS  AND  DISCUSSION 

In  an  attempt  to  determine  the  appropriate  plasma 
processing  parameters  for  the  low-temperature  deposi¬ 
tion  of  tin  oxide  films,  we  began  with  reactive  gas 
mixtures  containing  only  Sn(CH3)4  and  O2 .  In  both  reac¬ 
tor  configurations  (A  and  B)  and  over  a  range  of 
Sn(CH3>4:02  ratios  (1-4)  and  rf  power  densities 
(0.065-0.422  watts/cm^)  we  obtained  copious  quantities 
of  powder.  We  were  able  to  obtain  visibly  transparent, 

conductive  (20-0.2  Q-^cm-^)  films  by  the  addition  of 
argon  to  the  reactive  gas  mixture.  At  a  fixed  rf  power 
density  and  Sn  (^3)4:02  ratio  the  conductivity  of  the 


films  was  seen  to  increase  as  the  Ar:Sn  (0113)4  ratio  was 
increased.  At  the  same  time  the  film  deposition  rate 
was  observed  to  decrease.  Recent  studies^  of  the  rf 
plasma  deposition  of  thin  Si02  on  Si  have  shown  that 
the  use  of  a  large  inert  gas  to  reactive  gas  ratio  can 
produce  films  with  few  defects  and  excellent  electrical 
properties.  It  is  postulated  that  in  these  discharges 
energy  is  primarily  channeled  into  the  production  of 
inert  gas  ions  and  metastabies .  The  ions  recombine  with 
electrons  producing  UV  radiation  while  the  metastables 
collisionally  excite  the  reactive  gas  molecules.  These 
excited  molecular  species  then  dissociate  at  the 
solid/gas  interface,  as  opposed  to  in  the  gas  phase, 
aided  by  considerable  UV  irradiation. 

It  was  also  observed  that  at  a  fixed  Sn  (CH3)  4  :C>2  : Ar 
ratio,  an  increase  in  rf  power  density  caused  an  in¬ 
crease  in  film  deposition  rate,  a  decrease  in  film  con¬ 
ductivity,  and  a  decrease  in  the  optical  trans-  mission 
of  the  film  in  the  visible  region  of  the  spectrum  (the 
films  were  yellow) .  Examination  of  the  infrared  spectra 
of  films  deposited  at  a  Sn  (CH3)  4  :C>2  :  Ar  ratio  of  1:9:25 
and  rf  power  densities  of  0.45  watts/cm^  (Figure  3(a)) 
and  0.58  watts/cm^  (Figure  3(b))  revealed  a  large 
organic  component  in  the  film  deposited  at  the  higher 
power  level.  The  ir  spectrum  of  the  film  deposited  at 
the  lower  power  exhibits  two  broad  features  at  3330  and 
540  cm-^  that  can  be  attributed^  to  0-H  stretching 
and  Sn-0  stretching,  respectively.  The  IR  spectrum  of 
the  film  deposited  at  the  higher  power  exhibits  these 
features  and  four  additional  bands  at  1610,  1370,  1290, 
and  990  cm-1.  These  bands  can  be  attributed^  to  the  C=0 
stretching,  C-H  in-plane  bending,  C-0  stretching,  and 
COO  out-of-plane  bending  modes,  respectively,  in  tin 
formate.  It  is  postulated  that  the  increased  film 


deposition  rate  at  higher  rf  power  levels  buries  the 
tin  formate  in  the  growing  tin  oxide  film.  At  slower 
deposition  rates  Sn-C  bond  scission  occurs  and  carbon 
is  removed  as  CO2 . 

Tin  oxide  electrodes  were  deposited  using  two  dif¬ 
ferent  reactor  configurations.  Originally  the  reactive 
gases  were  mixed  in  the  glow  region.  In  this  configu¬ 
ration  film  deposition  rates  were  on  the  order  of  2.5 
nm/min  and  a  crystal  coating  time  of  20  minutes  was 
used.  When  it  was  discovered  that  premixing  the  reac¬ 
tive  gases,  Sn  (0113)4  and  O 2,  gave  deposition  rates  of 
75  nm/min,  it  was  possible  to  reduce  the  crystal  coat¬ 
ing  time  to  2  minutes  and,  in  this  way,  reduce  sub¬ 
strate  heating. 

Figure  4  shows  the  visible  spectra  of  tin  oxide 
films  deposited  on  KBr  substrates  under  conditions 
identical  with  those  used  to  coat  specimens  Cl  (Figure 
4a)  and  C2  (Figure  4b) .  The  transmissions  of  the  films 
on  specimens  Cl  and  C2,  at  the  peak  (590  nm)  of  the 
Hgl2  photoresponse  spectrum  and  normalized  for  the 
absorption  of  the  KBr,  were  88.8%  and  95.4%, 
respectively . 

Electron  microprobe  analysis  of  films  deposited  on 
Si  substrates  placed  on  the  mask  during  Hgl2  crystal 
coating  showed  large  quantities  of  iodine  and  lesser 
amounts  of  mercury  incorporated  in  the  films  deposited 
under  the  more  severe  conditions.  Both  the  I  and  Hg 
contents  were  substantially  reduced  in  films  deposited 
under  the  less  severe  conditions. 

Figure  5  shows  the  relative  quantum  efficiency  as  a 
function  of  wavelength  of  a  photodetector  prepared  from 
specimen  Cl.  The  observation  of  a  peak  photocurrent  for 
this  detector  of  ~1  nA,  coupled  with  its  low  dark  cur¬ 
rent  (~10  pA) ,  demonstrates  that  we  have  produced  a 


high-quality  photodetector  with  a  much  better  signal- 
to-noise  than  the  best  silicon  detectors  available  in 
the  600  nm  region  of  the  spectrum.  The  relative  quantum 
efficiencies  of  specimen  Cl  and  a  Hgl2  crystal  having  a 
transparent,  liquid  electrode  were  measured  and  were 
found  to  be  comparable. 

The  quantum  efficiency  of  both  specimens  Cl  and  C2, 
at  a  fixed  wavelength,  were  observed  to  decrease  with 
increasing  irradiation  time  and  increase  with  decreas¬ 
ing  photon  flux  (polarization  effect).  Low-  temperature 
photoluminescence  experiments  are  planned  to  determine 
the  nature  of  the  defects  giving  rise  to  this  effect. 

SUMMARY 

A  range  of  plasma  processing  parameters  and  reactor 
configurations  were  evaluated  for  their  suitability  for 
producing  visibly  transparent,  conductive  tin  oxide 
films  at  low  temperatures.  High-quality,  mercuric  io¬ 
dide  photodetectors  were  constructed  having  tin  oxide 
electrodes  deposited  under  more  and  less  severe  condi¬ 
tions.  The  relative  quantum  efficiencies  of  these  de¬ 
tectors  as  a  function  of  wavelength  were  measured.  The 
quantum  efficiencies  of  these  detectors  were  found  to 
be  comparable  to  that  of  a  photodetector  having  a 
transparent,  liquid  electrode.  The  polarization  effects 
that  we  observed  at  high  light  intensities  are  also 
found  for  detectors  having  other  electrode  materials 
and  are  undoubtedly  related  to  chemical  or  mechanical 
surface  damage.  A  future  goal  of  this  program  is  to 
determine  the  deposition  conditions  that  give  the  low¬ 
est  surface  damage  and,  hence,  a  detector  with  both 
high  and  laterally-unif orm  quantum  efficiency. 
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Schematic  diagram  of  experimental  apparatus: 
MV-manual  valve,  PV-pneumatic  valve, 
CL-calibrated  leak,  REG-regulator,  MFM-mass 
flow  meter. 


SEM  micrograph  of  tin  oxide  powder.  Plasma 
parameters:  Sn(CH3>4  pressure-12.1  Pascals, 
O2  pressure-52.0  Pascals,  rf  power  density- 
0.42  watts/cm^ • 


Infrared  spectra  of  films  deposited  at  a 
Sn (CH3 ) 4 : O2 : Ar  ratio  of  1:9:25  and  rf  power 
densities  of:  (a)  0.45  watts/cm^  and  (b)  0.58 
watts/cm2 . 


Visible  spectra  of  films  deposited  on  KBr 
substrates  under  conditions  identical  with 
those  used  to  coat  specimens:  (a)  Cl  and 
(b)  C2. 


Relative  quantum  efficiency  as  a  function  of 
wavelength  of  a  Hgl2  photodetector  prepared 
from  specimen  Cl. 


Ill 


Schematic  diagram  of  experimental  apparatus: 
MV-manual  valve,  PV-pneumatic  valve,  CL-calibrated 
leak,  REG-regulator,  MFM-mass  flow  meter. 


SEM  micrograph  of  tin  oxide  powder.  Plasma 
parameters:  Sn  (0*3)4  pressure-12.1  Pascals,  O2 
pressure-52.0  Pascals,  rf  power  density-0.42 
watts/cm^ • 
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Visible  spectra  of  films  deposited  on  KBr  sub 
strates  under  conditions  identical  with  those 
used  to  coat  specimens:  (a)  Cl  and  (b)  C2 . 
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Relative  quantum  efficiency  as  a  function  of 
wavelength  of  Hgl2  photodetector. 
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REFINING  AND  NITRIDING  OF  Si  AND  Ti  WITH  A  PLASM>. 
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Abstract :  This  paper  describes  mainly  the  synthesis  of  ultrafine  Si3N4  and  TiN  powders,  from  Si  and  Ti 
particles  in  the  size  range  of  10  pm,  with  a  Ar-N2  thermal  plasma.  Nitride  powders  have  been  prepared  in 
a  radio-frequency  plasma  reactor  (this  reactor  has  been  used  for  silicon  refining,  and  leads  to  very  good 
results  -  the  purification  technique  will  also  be  described). 

The  present  work  describes  some  of  the  main  parameters  responsible  for  the  synthesis  process,  in  order  to 
optimize  the  design  of  a  reactor  for  the  synthesis  of  high  purity  ceramic  powders  with  a  good  production 
rate.  Kev  words  :  R.F.  thermal  plasma,  ultrafine  powders,  ceramic  synthesis,  TiN,  S13N4. 


INTRODUCTION  : 

For  over  a  decade,  ceramic  synthesis  and  processing  have  occupied  an  important  place  in  material 
engineering  technology  because  of  the  attractive  properties  and  applications  of  ceramics  (metal  coating, 
heat  barrier,  hardness,  corrosion  protection  ,  electrical  insulation,  tribology,  etc  ). 

Conventional  processes  for  ceramic  synthesis  are  quite  numerous  :  these  include  sol-gel  process, 
solid-gas  reaction,  and  gas-gas  reaction. 

If  we  consider  the  example  of  TiN  and  Si-jN^1!  synthesis,  we  can  fir.u  three  main  routes  : 

-  nitriding  of  Si  or  Ti  (by  a  combustion  reaction  for  example  t^l) 

-  carbothermic  reduction  of  the  oxide.  Unfortunately,  in  this  case  most  of  the  time  the  final  product  contains 
carbide  or  oxinitride. 

-  reaction  of  ammonia  with  the  halide.  The  by-products  are  removed  by  heating. 

Other  routes  also  exist  such  as  calcination  of  organo-metallic  compounds  with  a  nitriding  agent. 

Recently,  thermal  plasma  processes  have  been  used  for  substitution  for  conventional  processes.  In  some 
cases,  plasma  is  the  only  way  for  obtaining  ceramic  powders^.  Moreover,  ceramic  powders  such  as  AIN, 
SiC,  TiC  are  easily  produced  by  thermal  plasma  and  have  a  high  yield  efficiency.  Ceramic  powders 
synthesized  by  a  plasma  mean  are  ultrafine  (in  the  range  of  10  run).  The  high  surface  area  of  these  powders 
leads  to  lower  sintering  temperatures  and  no  sintering  additive  addition. 

In  general  thermal  plasma  reactors  are  characterised  by  : 

-  a  very  short  residence  time  of  reactives  in  the  plasma  plume  with  associated  large  thermal  gradients 

-  the  presence  of  high  concentration  of  reactive  species  (ions,  metastables  atoms  ...) 

-  the  thermal  plasma  properties  can  give  us  a  complete  vaporisation,  with  associated  gas  phase  chemistry 

-  high  quenching  rates  leading  in  many  cases  to  amorphous  products. 

The  purpose  of  this  paper  is  to  expose  some  new  results  about  plasma  treatment  of  materials  such  as  Si  and  Ti 
conducted  in  our  laboratory. 

We  will  examine  silicon  purification  by  plasma  processing,  in  order  to  get  very  pure  materials.  Our  goal  is  to 
correlate  plasma  properties  and  purification  mechanisms. 

We  will  also  present  the  nitriding  of  Si  and  Ti  particles  in  a  R.F.  thermal  plasma  by  an  Ar-N2  mixture. 

1  -  EXPERIMENTAL  APPARATUS  : 

The  reactor  used  for  our  studies  has  been  designed  for  silicon  refining  (Figure  1).  The  R.F.  plasma  is 
generated  in  a  quartz  tube  of  30  mm  of  diameter,  by  the  mean  of  a  cooled  4  turns  work  coil  connected  to  a  4 
MHz  generator  (maximum  power  output  :  20  kW).  The  powders  are  injected  in  the  center,  the  treated 
products  are  collected  in  a  water-cooled  crucible.  The  gases  are  evacuated  by  the  means  of  a  pipe,  without 
any  vacuum  pump.  The  powder  feeder  is  composed  of  a  closed  vessel  with  a  vibrating  plate,  and  allows  a 
distribution  of  particles  with  a  feed  rate  lower  than  0,01  g/min  and  up  to  10  g/min.  The  particles  injected 
from  the  powder  feeder  are  dragging  along  the  plasma  by  means  of  a  fluidizing  gas  (0.4  1/min  argon).  By 
using  this  device,  it  is  possible  to  minimize  the  contamination  of  the  gas  by  entrained  air. 

In  order  to  study  the  chemical  and  thermal  phenomena  during  the  plasma  treatment,  we  used  an 
optical  fiber  to  collect  the  emission  photons  produced  at  the  interface  of  the  plasma-sample.  The  emission 
signal  is  analyzed  by  an  intensified  diode  array,  with  a  wave  range  of  500  nm,  while  the  computer  analysis 
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gives  us  the  atomic  emission  lines  each  8  ms  for  high  temporal  resolution  studies. 


powder  feeder 


OPERATING  CONDITIONS : 
electrical  power :  7  kW 

flow  rates : 

•  argon :  30Nl/min 
•hydrogen:  3  Nl/min 
-  oxygoi :  0,03  Nl/min 

Sped  rum  analysed 

190-750  am 

linear  dupemon 

0.41  nm/nun 

Wide  of  fpectrum  arulyaed 

5  nm 

Photodiode*  array  sensibility 

$  photon* /count  at  300  run 

Dev ubor  /  linear  reaponae 

±  1% 

Data  aquiattion  apeed 

4,44  tra/512  diode*,  16p*/d»ode 

—  Argon 
(twirl  injection) 


Argon 


optical  fiber  Quartz  UV 1000 


water  cooled  reactor 


water  cooled  crucible 


THR 1000  Jobin  Yvon  Monochromator 
2400  grooves  /  mm,  Focal  length :  1  m 


printer 


Figure  1 :  R.F.  plasma  reactor  and  spectroscopic  emission  detection  system 


Two  ways  have  been  explored  in  order  to  study  the  mechanisms  which  occur  during  plasma  treatment. 

-  removing  of  impurities  from  a  raw  material.  By  using  a  method  quite  similar  to  a  melting  zone  process,  we 
achieved  refining  of  silicon  and  titanium  ^  The  products  prepared  are  characterized  by  physical  and 
chemical  analysis,  in  order  to  check  their  properties  and  their  chemical  purity  (neutron  activation  analysis 
N.A.A.,  E.S.C.A.,  X-rays,  and  electrical  conductivity  ...). 
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-  addition  of  an  element  to  a  material  for  the  preparation  of  ceramics  or  non-stoichiometric  compounds. 

The  fluidization  argon  feed  rate  is  0.4  1/min.  This  value  has  been  choosen  so  as  to  get  a  good  penetration  of 
powder  into  the  plasma  plume.  As  soon  as  the  plasma  is  stopped,  N2  supply  in  the  swirl  injection  is  removed 
The  ceramics  powders  prepared  are  characterized  by  S.E.M.,  X-rays,  Infra-red  spectroscopy  and  chemical 
analysis). 

D  -  PURIFICATION  OF  MATERIALS  : 

Silicon  refining  of  a  metallurgical  grade  silicon  by  a  reactive  plasma  (containing  2%  of  impurities) 
allows  us  to  get  relatively  pure  silicon  (less  than  1  p.p.m.  impurities)**!  151.  The  resulting  silicon  can  be  used 
for  solar  cells  production,  with  photovoltaic  efficiencies  reache  10%  t^l. 

The  purification  starts  by  the  silicon  melting  while  the  second  step  needs  the  chemical  reaction  between  the 
oxygen  of  the  plasma  gas  Ar  -  H2(l%)  -  02(0.1%) ;  the  silica  layer  which  is  formed  on  the  surface  traps  the 
impurities  by  three  ways  (Figure  2) : 

1  -  liquid/liquid  extraction  between  the  liquid  silicon  and  the  slag 

2  -  evaporation  at  the  plasma/slag  interface  of  impurites 

3  -  segregation  of  impurities  at  the  solidification  interface. 


HEAT  TRANSFER  MASS  TRANSFER 

l  t 


c 


PLASMA  Ar-^  1  »  0.1  %  02 


D 


1 

|  impuritsM 

impurities 

♦  1 

•olid  if  i  ca  tioi 
imcrftct 


trtvaUmg  direction  of  tht  liquid  drop 

Figure  2 :  Purification  mechanisms  in  the  case  of  plasma  refining  of  silicon 


This  oxydation-reduction  reaction  at  the  plasma/slag  interface  explains  the  high  purification  rate, 
especially  in  the  case  of  boron  (indeed,  boron  is  an  impurity  which  can  not  be  removed  by  a  melting  zone 
process).  After  evaporation  from  slag,  oxides  are  decomposed  in  the  plasma  phase,  the  atomic  emission  of 
these  impurities  are  correlated  with  the  plasma  properties  (oxygen  concentration,  surface  temperature, 
purity  of  the  sample).  Recently,  we  pointed  out  that  evaporation  processes  of  impurities  from  silicon  could 
be  continuous  (Na,  Mg, ... ),  discontinuous  (Ca,  Al, ...  )P1,  and  reactive  (B,  As,  P). 

Typical  purification  results  are  plotted  in  Table  1 . 

Refining  of  titanium  with  a  R.F.  plasma  has  been  studied  !®I.  It  appears  that  the  purification 
phenomena  are  quite  different  from  those  involved  for  silicon.  Oxygen  is  not  used  because  of  the  formation  of 
a  barrier  layer  of  Ti02  on  the  surface  of  titanium  and  sintering  when  powders  are  used. 

The  gas  mixture  used  for  this  study  is  Ar-0.1%H2  or  Ar-0.8%He.  Indeed,  it  has  been  shown  that  these  two 
mixtures  have  the  same  thermal  conductivity  [81,  and  thus  allow  the  same  purification  rate.  Because  of  the 
sensitivity  of  titanium  for  hydrogen,  the  second  gas  mixture  has  been  choosen.  Addition  of  KF,  NaF  or  CaF2 
to  the  powder  increases  the  purification  process  by  elimination  of  fluorine  compounds,  thus  impurities  such 
as  Fe,  Co,  Ca  are  removed. 


3 


Impurities 

starting 

material 

Oxygen  free  plasma 

0.1%  02  plasma 

Au 

0.8 

0.0003 

0.0001 

Ce 

0.002 

0.008 

<  0.001 

Co 

4 

0.14 

<0.01 

Cr 

87 

0.3 

<0.01 

Fe 

742 

57 

<0.8 

Mn 

250 

3 

0.0005 

Mo 

14 

<0.006 

<0.0002 

Na 

1 

0.02 

0.006 

Pt 

- 

0.03 

<  0.008 

Ti 

141 

<2 

<  0.9 

Zn 

<2 

<  0.07 

<0.03 

Zr 

3 

<  1 

<  0.8 

W 

- 

0.01 

<  0.0002 

Table  1 :  Influence  of  the  oxygen  on  the  purification  of  metallurgical  grade  Silicon 
(concentration  in  p.pjn.  weight,  analysis  by  N.  A.  A.). 


m  -  NITRIDING  EXPERIMENTS  : 

The  aim  of  the  nitriding  study,  is  to  understand  the  phenomena  which  are  responsible  for  either  the 
formation  or  the  destruction  of  a  nitride  under  a  thermal  plasma.  All  experiments  have  been  achieved  with 
titanium  and  silicon  as  a  starting  material  (powder  and  bulk  material). 

m-1-  Thermodynamic  considerations : 

Ultrafine  powders  synthesis  by  plasma  processing  means  proceeding  from  a  vapor  phase  reaction. 
Because  of  the  very  short  residence  time  of  a  particle  in  the  plasma  plume,  a  solid-gas  or  liquid-gas  reaction 
is  impossible,  thus  only  a  nucleation  and  growth  process  is  allowed.  Nudeation  begins  as  soon  as  the 
supersaturation  of  a  vapor  exceeds  a  critical  value.  This  phenomena  is  of  very  great  importance  because  in 
Si3N4  synthesis  it  has  been  proved  that  liquid  silicon  formation  stops  the  silicon  nitride  nucleation. 
Therefore,  liquid  silicon  formation  should  be  avoided  in  order  to  increase  the  yield  of  the  reaction  M. 
Because  of  the  relatively  high  temperatures  of  a  plasma  plume,  a  large  fraction  of  injected  products  are 
vaporized.  The  vapor  phase  is  assumed  to  be  in  thermodynamical  equilibrium. 

A  calculation  of  chemical  equilibrium  by  minimization  of  the  free  energy  has  been  performed  in  order 
to  know  the  concentration  of  each  species  in  the  plasma.  Data  are  available  in  JANAF  1^1. 

Figure  3  shows  the  curves  for  a  Si-N-O  system.  It  appears  that  Si02  layer  at  the  silicon  particles  surface  is 
decomposed  from  2500  K  and  leads  to  SiO(g)  (SiO  is  stable  below  5500  K).  TiN  is  synthesized  below  2760  K 
by  a  vapor  phase  reaction,  according  calculation  for  the  Ti-N  system  H0J. 

The  nitride  formation  by  vapor-phase  reaction  assumes  that  the  particle  is  completely  vaporized.  If 
not,  the  reaction  proceeds  from  a  nitrogen  diffusion  process  through  the  particle.  Thus  it  is  important  to  know 
if  the  particle  is  vaporized  in  the  plasma.  Some  models  have  been  formulated  in  order  to  describe  the 
temperature  of  a  particle  in  a  plasma  plume  versus  the  time  fll-131.  By  using  Boulos'  results  of  flow  and 
temperature  fields  in  a  R.F.  plasma,  the  temperature  history  of  a  Si  and  Ti  particle  of  40  pm  has  been 
computed  it  appears  that  all  particles  injected  in  a  Ar  plasma  with  temperature  plotted  in  Figure  4  and 
5  are  completely  vaporized  if  the  diameter  is  less  than  20  pm.  Because  of  the  presence  of  nitrogen  in  the 
plasma,  the  thermal  transfer  and  the  vaporization  process  are  increased.  Some  improvements  are  required 
with  high  powder  feed  rates  l14). 


II1-2  -  Results  and  discussion  : 

III-2-1  -  Silicon  nitride  synthesis  : 

The  silicon  powder  used  is  a  good  metallurgical  grade  silicon,  supplied  by  Pechiney.Two  parameters 
have  been  studied  :  the  feed  rate  of  Si  powder  and  the  position  on  the  crucible  for  the  collected  product.  It 
appears  that  final  products  have  different  characteristics,  according  to  experimental  conditions. 

Indeed,  powders  collected  are  white  and  very  fine  or  brown/greenish. 
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Figure  3 :  Equilibrium  composition  of  Si-N-O  system 
(Si * 0.005  -  N-l  -  0-0.001) 


Figure  4 :  Temperature  history  of  a  Si  particle  Figure  5 :  Temperature  history  of  a  Ti  particle 

in  a  At  plasma  in  a  Ar  plasma 


Figure  6 :  Nature  of  the  products  on  the  water-cooled  crucible  versus  powder  feed  rate 


On  one  hand,  it  has  been  shown  that  an  increasing  of  powder  feed  rate  leads  to  a  greater  amount  of 
brown/greenish  products,  whereas  a  low  feed  rate  («  0.01  g/min)  gives  a  white  and  fine  powder.  On  the 
other  hand,  the  major  amount  of  white  powder  was  located  at  the  top  and  on  the  walls  of  the  water-cooled 
crucible,  above  the  torch  (Figure  6). 

X-Rav  diffraction  :  X-ray  diffraction  analysis  of  these  two  kinds  of  powders  gives  the  following  results : 

-  the  greenish  powder  is  crystalline  silicon,  without  any  Si3N4  peaks. 

-  The  white  powder  is  not  well  crystallized.  So,  the  diffraction  spectrum  was  carried  out  in  using  a  metallic 
sample  holder.  It  appears  that  the  white  powder  contains  o-Si3N4  and  p-Si3N4  (Figure  7).  Peaks  of  Si  are 
present.  So  we  can  conclude  that  there  was  a  competitive  silicon  nucleation  during  quenching.  The  X-ray 
diffraction  of  another  sample  where  a-Si3N4  and  p-Si3N4  peaks  are  visible  did  not  show  any  detectable  Si 
peak.  Thus,  silicon  nucleation  can  be  avoided  if  precautions  are  taken,  but  these  experiments  are  not 
reproductible.We  have  concluded  from  these  X-ray  analysies  that  only  the  fine  and  white  powder  contains 
Si3N4-  Therefore  only  the  white  powder  has  been  further  investigated. 

S.E.M.  observations :  The  observation  of  white  powder  by  S.E.M.  shows  a  submicron  structure:  the  mean  size 
of  particles  is  more  or  less  100  run,  with  a  lot  of  agglomerates  (Figure  8). 

l.R.  Spectroscopy  :  The  I.R.  spectra  were  carried  out  on  a  BOMEM  I.R.-F.T.  Figure  9  gives  the  spectrum  of 
the  white  powder.  We  can  note  the  presence  of  Si-O  and  Si-N  bonds  in  the  product.  On  the  same  figure  is 
plotted  the  l.R.  spectrum  of  the  Si  powder  before  plasma  treatment.  It  is  obvious  that  the  Si  powder  contains 
oxygen.  Figure  10  shows  the  I.R.  spectrum  of  a  white  by-product  which  was  obtained  during  silicon  particle 
treatment  in  a  Ar  plasma  without  nitrogen.  It  appears  that  only  Si-O  bounds  are  visible. 

This  by-product  is  a  consequence  of  the  oxidant  properties  of  the  plasma.  Since,  SiO  is  produced 
simultaneously  with  Si3N4  ,  it  is  impossible  to  recover  pure  S^^.  Therefore,  more  accurate  measurements 
are  necessary  in  order  to  determine  the  yield  of  the  reaction  and  on  the  purity  of  the  product. 

Chemical  Analysis  (O  and  N) :  The  sample  is  divided  in  two  parts.  One  part  is  used  for  nitrogen,  and  the 
other  for  oxygen  content  determination.  The  powder  is  then  placed  in  a  carbon  crucible  where  nickel  is 
added.  The  crucible  is  degased  and  the  mixture  is  heated  at  2500°C  with  in  a  helium  stream.  Nitrogen  is 
measured  by  a  catharometric  technique,  and  oxygen  is  measured  with  a  I.R.  device  after  it  has  reacted  with 
the  crucible  to  --  Id  CO2.  Calibration  is  performed  by  melting  of  a  standard. 

A  sample  of  485  mg  of  white  powder  collected  on  the  crucible  yields  : 

0 :  23.3%  N  :  19.2%  (i.e.  48%  weight  of  Si3N4) 

The  same  measurements  on  the  silicon  powders  yields  : 

O  :  0.82%  N  :  <  5  p.p.m. 

The  oxygen  content  in  the  starting  material  can  not  explain  such  a  high  content  in  the  final  product. 

A  reasonable  explanation  of  the  high  oxygen  content  in  the  product,  is  that  the  gases  used  during  plasma 
synthesis  are  not  very  pure.  This  assumption  is  in  good  concordance  with  the  presence  of  SiO  by-product. 
Owing  to  some  authors  the  oxygen  found  in  the  product  should  come  from  the  treatment  gases  which  is  not 

Rure  n°]  nf>l  117]  Sometime,  possibly  leakages  of  air  in  the  synthesis  device  may  also  be  assumed  to  occur 
®].  The  gases  we  use  in  our  laboratory  are  supplied  by  Air  liquide.  Argon  is  "Ar  U  "  grade  (less  than  5  p.p.m. 
impurities)  and  nitrogen  is  "N2  R”  grade  (200  p.p.m.  impurities).  These  gases  do  not  undergo  further 
purification  in  our  device,  and  the  use  of  dryers  and  oxygen  traps  is  necessary  in  further  experiments. 

The  difference  between  the  total  oxygen  content  of  the  sample  and  the  oxygen  content  in  the  plasma  gas  is 
probably  due  to  an  oxidation  after  the  plasma  synthesis.  Vogt  1^4]  observed  a  decrease  of  the  N,  and  an 
increase  of  the  O  content  with  time  in  the  case  of  submicron  Si3N4  powders.  So,the  product  must  be  kept  in  Ar 
to  prevent  oxidation.  The  I.R.  spectrum  of  the  powder  we  synthesized,  shows  the  presence  of  O-H  bonds 
(Si-OH  groups  at  the  surface  of  particles).  This  observation  allows  us  to  assume  that  there  was  an  increase 
of  the  oxygen  content  in  the  product  because  of  an  exposure  to  air. 

In  general,  nitriding  processes  using  Si  powders  lead  to  products  of  relatively  poor  quality  compared 
to  processes  using  SiCl4  .  Indeed,  silicon  powders  are  coated  with  Si02  thus  it  is  not  possible  to  synthesize  a 
nitride  without  any  oxygen  in  it.  On  the  contrary,  SiCl4  can  be  supplied  with  a  very  good  purity,  and  the 
yield  of  the  nitriding  can  reach  100%.  Moreover,  it  appears  that  using  NH3  as  a  nitriding  agent  instead  of 
N2  gives  much  better  results  (Table  2). 
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REACTIVE 

CAS 

YIELD 

REF. 

St  powder 
(75%  <  30nm) 

N2  (33  l/min) 

Si% 

(16) 

Si  powder 

Olg/mn 

Ar  (20  l/min) 

N2  (5  l/min) 

22% 

(chem.  in»l 

(ID 

St  powder 

0.4g/mn 

NH3  (10.5  l/min) 

S5* 

(19) 

Si  powder  (2Sn.m) 

O.t  g/  nvt 

Ar  (20  l/min) 

M-13  (10  l/min) 

22* 

(18) 

Si  powder  (<5jim) 

-  1  g/mn 

NH3  /  Si :  10/30 

8S% 

(20) 

S*CI4 

(2!/min) 

Ar  (20  l/min) 

NH3  (10  l/min) 

75% 

(18) 

SiC(4 
(1J  g/min) 

Ar  (20-40  l/min) 

NH3  (2 .2-4 .6  l/min) 

>50* 

(21) 

StCU 

(0  i  g/ mm) 

Ar(52  l/min) 

NH3  (20  l/min) 

925* 

(22) 

SiCU 
(5  l/min) 

Ar.H2 

NH3  (10  l/min) 

80% 

(23) 

Table  2 :  Review  of  silicon  ratriding  science  base 


II1-2-2  -  Titanium  nitride  synthesis  : 

The  titanium  powder  we  used  is  supplied  by  Ventron.  The  mean  size  of  particles  is  10  pm  (S.E.M.). 

The  experimental  procedure  used  was  the  same  than  for  S13N4  synthesis. 

When  the  titanium  powder  is  injected  with  a  low  feed  rate  (<  0.03  g/min),  the  resulting  powder  is  yellow. 
However,  increasing  of  the  feed  rate  leads  to  black  fine  powder  in  the  crucible,  with  a  small  amount  of 
yellow  powder  on  the  top,  above  the  plasma  plume. 

X-ray  Diffraction  :  Two  samples  of  powders  were  studied  by  X.ray  diffraction.  The  first  sample  is  a 
gold-yellow  powder  obtained  with  a  low  Ti  feed  rate  (Figure  11 -a),  whereas  the  second  sample  is  the  black 
fine  powder  (Figure  11-b).  The  X-ray  diffraction  spectrum  of  the  black  powder  showS  a  mixture  of  Ti,  TiN 
and  T^N.  In  contrast,  in  the  X.ray  spectrum  of  the  yellow  powder  shows  only  the  peaks  of  TiN ,  without  Ti. 
Since  the  yellow  powder  is  observed  above  (he  plasma  plume,  we  assume  that  the  nitriding  continues  when 
the  product  in  the  crucible  is  on  the  axis  of  the  plasma,  because  of  the  higher  temperatures  of  the  products. 
In  order  to  check  this  thermal  effect,  a  complementary  experiment  was  performed.  It  consisted  to  comparing 
the  nitriding  rate  of  the  powders  recovered  in  the  crucible  after  a  short  plasma  with  a  high  powders  feed 
rate,  with  and  without  nitrogen  in  the  cooling  gas  after  the  plasma  has  been  stopped.  A  typical  value  is  75% 
TiN  and  25%  Ti  with  nitrogen  in  the  cooling  gas,  whereas  the  powder  was  almost  Ti  without  nitrogen  in  the 
gas  (these  values  are  calculated  from  X-Ray  diffraction  patterns). 

This  observation  has  been  confirmed  with  bulk  titanium  samples.  The  sample  was  melted  with  pure  Ar 
plasma,  and  cooled  with  and  without  nitrogen  in  the  cooling  gas.  In  the  first  case,  a  nitride  layer  appeared 
on  the  surface,  in  the  second  case  the  surface  was  not  nitrided. 

S.E.M.  observation  :  Figure  12  shows  a  characteristic  of  the  nitrided  particles  collected  in  the  crucible. 
Instead  of  collecting  particles  in  the  crucible,  an  experiment  was  carried  out  involving  collection  of  the 
particles  at  the  surface  of  a  molten  bulk  titanium  sample.  The  purpose  of  this  experiment  was  to  increase  the 
quantity  of  particles  recovered.  A  surprising  observation  is  that  the  morphology  of  the  product  (Figure  13)  is 
very  different  from  the  aspect  of  particles  collected  in  the  crucible  (Figure  12).  Indeed,  the  product  is  well 
crystalized  and  the  mean  size  of  each  crystal  is  1  pm. 

Figure  14  is  a  photograph  of  the  nitride  layer  at  the  surface  of  a  bulk  titanium  sample  tested  under  a 
Ar-N2  plasma.  The  morphology  of  the  nitride  layer  is  quite  similar  to  the  surface  of  powders  shown  in 
Figure  12.  Figure  15  shows  the  morphology  of  the  nitride  layer  of  bulk  titanium  treated  by  a  Ar-NHj 
plasma.  The  nature  of  the  nitriding  gas  seems  to  have  a  large  importance  on  the  morphology  of  nitride, 
layer.  A  very  similar  condition  of  the  surface  is  observed  when  a  bulk  titanium  sample  is  exposed  to  a 

non-equilibrium  NH3  plasmal25),  - 
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In  summary,  we  have  the  following  results  : 

1-  With  low  Ti  feed  rates,  TiN  is  synthesized,  whereas  with  higher  feed  rates  the  nitride  contains  T^N'. 

2-  The  nitriding  continues  when  the  powder  is  in  the  crucible,  above  the  plasma  plume. 

3-  The  nitriding  can  occur  during  the  cooling  of  the  products  if  nitrogen  is  present  in  the  reactor.  Thi 
additional  nitriding  must  be  distinguished  from  the  one  during  plasma  treatment.  For  this  reason  th 
cooling  gas  we  used  is  Ar  without  Na. 
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Figure  14  :  Surface  of  a  bulk  titanium 
sample  treated  by  Ar-N2  plasma 


Figure  15  .  Surface  of  a  bulk  titanium 
sample  treated  by  Ar-NH3  plasma 
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CONCLUSIONS  : 


It  has  been  demonstrated  that  the  synthesis  of  S13N4  and  TiN  by  vapor  phase  reaction  from  powders 

of  Si  and  Ti  (mean  size  :10  -  20  pm)  is  possible  in  a  radio-frequency  reactor  which  is  not  specially  designed 
tor  this  purpose,  if  the  efficiency  of  the  quenching  zone  is  adequate.  In  the  case  of  SijN,^,  the  final  product  is 
an  ultrafine  powder  of  mixted  phases  (mean  size  :  10  nm);  for  TiN,  the  mean  size  is  1  pm. 

Chemical  and  thermal  properties  of  plasma  reactors  simultaneously  control  the  energy  and  mass 
transfer  mechanisms  versus  the  nature  of  treated  materials. 

The  first  part  of  the  research  underlines  the  role  of  chemical  reactivity  of  oxygen  introduced  in  a 
Ar-H2  plasma  so  as  to  modify  oxy-reductive  phenomena  responsible  for  silicon  purification.  The  extraction 
mechanisms  of  boron  proceeds  in  two  steps  :  oxidation  of  boron  in  the  silicon  liquid  bath  and  evaporation 
through  the  silica  layer. 

The  second  part  of  the  research  emphasizes  the  role  of  chemical  reactivity  of  a  Ar-N2  plasma  versus 
Si  or  Ti  powders.  The  thermodynamical  analysis  and  the  thermal  modelization  of  particles  treatment 
points  out  that  evaporation  and  instability  of  nitride  leads  to  the  formation  of  the  nitride  only  in  the 
plasma  plume  region.  The  study  of  the  powders  treated  under  differents  conditions  confirms  these 
hypothesis  in  vapor-phase  with  the  addition  of  a  nitriding  of  product  in  the  cooled  crucible.This  latter  step 
leads  to  growth  phenomena  by  nucleation  and  agglomeration.  It  is  important  to  emphasize  the  difficulty  of 
removing  oxygen  in  the  product. 
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Carbothermic  Reduction  of  Their  Mineral  Oxides 
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ABSTRACT 

Magnetite,  Fe,0  ,  and  chromite,  FeO.Cr  0  ,  concentrate  fines  were 
reacted  in-flight  with  graphite  fines  in  an  expanded  DC  transferred 
plasma  arc.  The  degree  of  conversion  to  Fe^C  and  Cr3C2  is  discussed 
with  respect  to  the  mineral  chemistry,  thermodynamics,  kinetics  and 
particle  size.  The  degree  of  metastability  of  the  products  was  also 
examined. 

INTRODUCTION 

Conventional  synthesis  techniques  used  for  the  production  of  carbides 
involves  high  temperature  furnaces  operating  for  se/eral  hours.  Plasma 
technology  offers  a  novel  low  volume-  high  throughput  reactor1  in  which 
reactants  and  products  are  subjected  to  a  highly  reactive  medium 
containing  atomic  and  ionic  species  which  are  not  available  under 
conventional  processing  conditions.  Rapid  quenching  of  the  products, 
provides  a  further  potential  for  producing  metastable  or  even  amorphous 
products. 

EXPERIMENTAL  PROCEDURE 

Fine  magnetite,  Fe  0  ,  containing  6.2%  SiO,  (77%  -44#im),  and  a  coarser 
chromite,  FeO.Cr^,  containing  6.6%  Si02 ,  15.25%  MgO  and  15.49%  Al^ 
(75%  -300>im  +100^m)  were  separately  mixed  with  graphite  fines, 

(-44/im),  in  100%  and  200%  stoichiometric  proportions  according  to: 


(1) 

(2) 


Fe  0  +  4C  -  3Fe  +  4C0 

3  * 

and,  3(Fe0.Cr203  )  +  17C  =  Fe  C  +  20^(1.,  +  12C0 
These  mixtures  were  fed  from  a  vibratory  feeder,  under  gravity,  into 
the  arc  of  the  DC  transferred  arc  plasma  (Figure  1).  A  hollow  graphite 
cathode  of  20mm  diameter  was  used  with  a  central  bore  of  2mm  diameter 
through  which  was  passed  the  argon  plasma  gas  at  approximately  0.8m1 
per  hour.  A  graphite  ring  of  130mm  internal  diameter  was  used  as  the 
anode.  The  tail  flame  from  the  plasma  arc  extended  beneath  the  ring 
anode  into  a  free  fall  (rapid  quench)  chamber  of  approximately  900mm 
length  and  200mm  internal  diameter  and  the  products  collected  in  a 
refractory  recepticle.  The  anode  root  of  the  arc  was  made  to  orbit 
around  the  anode  ring  by  electromagnetic  means  and  the  whole  reactor 
was  enclosed.  A  more  detailed  description  of  this  reactor  has  been 
given  elsewhere3.  Arc  voltages  of  140  to  220V  and  arc  currents  of  400- 
290amps,  with  arc  rotations  of  2,000-10,000rpm  produced  an  optimum  arc 
length  of  approximately  90mm.  The  reactant  mix  was  fed  into  the  arc  at 
the  cathode  tip,  taking  advantage  of  the  cathode  pumping  action,  at  an 
optimum  feed  rate  of  approximately  70  to  100  gms/min. 

The  plasma  synthesised  products  were  examined  using  optical 
metallography,  scanning  electron  microscopy  (SEM),  with  energy 
dispersive  X-ray  analysis  (EDAX)  and  scanning  Auger  microprobe  (SAM) 
analysis. 


EXPERIMENTAL  RESULTS 

Large  temperature  and  viscosity  gradients  within  the  plasma  produced 
considerable  variation  in  the  extent  of  plasma-particle  interaction 


which,  together  with  the  range  of  stoichiometries  used  for  reactions 
(1)  and  (2),  provided  a  range  in  the  extent  of  reduction.  The 
efficiency  of  the  plasma-particle  interaction  was  measured  as  percent 
conversion  or  metallisation,  e.g.  Fe,0  :  wt%  metallic  iron/wt%  of 
total  iron  in  the  product.  For  Fe ,0  ,  this  was  seen  to  depend  on  the 
degree  of  reduction  of  Fe3*  to  Fe2*  (Figure  2)  for  reaction  (1).  No 
metallisation  was  achieved  until  30%  of  Fe3*  had  been  reduced  to  Fe2*, 
whereas  the  amount  of  Fe2*  remaining  as  FeO  rather  than  Fe  was 
relatively  constant  i.e.  25  to  35%.  A  maximum  metallisation  of  76%  was 
achieved  with  200%  stoichiometric  carbon.  The  reduced  product  was 
present  as  an  iron-carbon  metallic  containing  some  internal  porosity 
and  surrounded  by  a  slag  which  was  determined  by  EDAX  to  be  FeO.Fe  SiO 
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(Figure  3).  The  carbon  content  of  the  metallic  particle  varied  from  1% 
to  3.5%  C  for  the  same  experimental  conditions  at  200%  carbon 
stoichiometry.  The  dark  area  in  Figures  3(a)  and  (b)  is  pearl ite  and 
the  inter-laminar  pearl ite  spacing  was  subsequently  determined  (Figure 
3c).  A  dendritic  etch  was  used  to  determine  the  secondary,  , 
dendrite  arm  spacings  (Figure  3(d))  which  are  presented  in  Table  1, 
together  with  SAM  phase  analysis. 

The  chromite  reduced  particles  (Figure  4)  were  also  surrounded  by  a 
silicate  slag  phase  i.e.  Mg, SiO This  product  (Figure  4b)  was  largely 
primary  carbides  of  Fe  and  Cr  i.e.  Fe3C,Cr  C?.  Some  unreduced  chromite 
particles  were  observed  to  have  reduced  particles  ( Fe , Cr , C )  along 
intercrystalline  boundaries  (Figure  4c)  in  the  unreduced  mineral. 
These  varied  in  Fe.CrrC  analysis  From  50/50  Fe-Cr  and  with  up  to  12% 
carbon. 


Table  I 

SAM  Point  Analysis  of  Plasma-Produced  Particles 
(Using  internal  standards) 


Specimen/ 

Phase  analysis 

Fe 

(Wt%) 

C 

(Wt%) 

Cr 

(Wt%) 

(% 

interlamel  lar 
spacing  of 
Pearl ite  (^m) 

Particles  produced  from  plasma- 

processed  magnetite  (Fe  0  ) 

Max.  reduction:  -75%  3 

From 

98.2 

1.8 

To 

96.2 

3.8 

Phase  analysis: 

(Fe  C  eutectic) 

5.1 

(Pearl ite) 

1.8 

2.5 

0.1 

Particles  produced  from  plasma- 

processed  chromite  (FeO.Cr  0  ) 

55.2 

12.8 

32.0 

Max.  reduction:  -65%  FeO  2  3 

55%  Cr203 

Table  II 

Minimum  Reduction  Temperatures  for 
Carbothermic  Reduction  Reactions 


Reaction 

Min.  Reduction  Temp. 
(°C) 

FeO  +  C  -  Fe  +  CO 

-  630 

3FeO  +  4C  -  Fe3C  +  3C0 

-  630  | 

Fe304  +  4C  *  3Fe  +  4CO 

*  700  | 

Fe304  +  5C  -  Fe3C  +  4CO 

O 

a 

l/2Crz03  +  3/2C  -  Cr  +  3/2C0 

~  1330  | 

3/2Cr203  +  13/2C  -  C^C.,  +  9/2CO 

»  1150 

DISCUSSION 

The  minimum  reduction  temperatures  for  the  carbothermic  reduction 
(Table  II)  of  Fe304  to  produce  either  metallic  Fe,  or  Fe3C,  are 
approximately  the  same,  ~700°C.  However,  Fe3C  formation  is  more 
strongly  favoured  above  1000°C  and  the  formation  of  Cr3C2  is  always 
more  favourable  than  metallic  Cr  above  1 1 50°C ,  (Figure  5).  A 
thermodata  software  package,  CSIPO-SGTE  Thermodata  System4,  based  on 


minimisation  of  aG,  was  used  to  provide  the  data  presented  in  Figures  6 
and  7  for  reactions  (1)  and  (2)  at  stoichiometric  carbon  levels  of  100% 
and  200%  respectively.  At  100%  carbon  stoichiometry  for  reaction  (1) 
metallic  iron  is  favoured  above  1000'C  with  only  a  small  amount  of 
Fe3C.  Whereas,  Fe^C  with  an  excess  of  carbon  is  formed  between  1 000 * C 
to  2500’C.  Cr3C2  and  Fe3C  are  the  preferred  product  species  for 
reaction  (2)  with  an  excess  of  carbon  for  the  200%C  stoichiometry.  An 
excess  of  100%  stoichiometry  for  reactions  (1)  and  (2)  has  been 
found5"8  to  be  advantageous  in  achieving  increased  reduction  within  the 
plasma  as  was  a  small  oxygen  bleed  into  the  system. 

The  required  30%  reduction  level  of  Fe3*  to  Fe2*  (Figure  2)  prior  to 
metallisation  is  coincident  with  the  reduction  of  Fe203  in  the 
magnetite  spinel  (Fe0.Fe203)  to  FeO;  the  subsequent  reduction  processes 
being:  FeO+C  -  Fe  +  CO  or  alternatively,  3FeO  +  4C  -  Fe3C  +  3C0 
depending  on  carbon  stoichiometry.  The  formation  of  Fe  SiO  lowers  the 
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activity  of  FeO  which  is  unlikely  to  be  reduced  under  these  70kW, 
laboratory  plasma  conditions.  This  accounts  for  the  30%  Fe  remaining 
as  unreduced  FeO  (Figure  2).  It  is  apparent  from  Figures  2,  3,  and  6 
that  a  large  proportion  of  the  small  magnetite  particles  were  melted, 
dissociated  and  reduced  within  the  plasma.  The  formation  of  the  lower 
melting  point  Fe0.Fe2Si04  slag  subsequently  condenses  around  the 
previously  condensed  Fe-Fe3C  particles,  thereby  accounting  for  the  slag 
envelope  (Figure  3a). 

Some  of  the  particles  in  the  chromite  concentrate,  due  to  their  larger 
size  and  distribution  remained  unmelted  (Figure  4(c))  but  show  evidence 


of  partial  reduction.  One  possible  explanation  is  that,  owing  to  the 
violent  plasma  conditions,  an  outgasing  of  metallic  species  from  the 
particle  occurs  producing  microchannels  of  plasma  along  which  reduction 
reactions  can  proceed  favourable.  Some  evidence  of  this  outgassing  is 
given  in  Figure  8,  in  which  the  sodium  in  the  chromite  particle 
vaporized  and  transferred  outwards  since  the  Na  levels  were  0.23 
(unreduced  chromite)  at  particle  centre,  5.23  (Mg, SiO  -rich  phase)  at 
the  particle  surface  and  2.11  (modified  chromite)  at  mid  radius 
position. . 

The  secondary  dendrite  arm  spacing  (Table  II)  suggests  a  cooling  rate 
of  approximately  103  -  IQ4  K/sec,  interlaminar  spacing  suggests  a 
supercooling  of  approximately  180*C  for  the  eutectoid  transformation. 
These  two  data  indicate  considerable  metastabil ity,  but  are 
inconsistent  since  an  average  cooling  rate  of  103  -  104  K/sec  should 
result  in  more  than  a  180*C  supercooling  of  the  eutectoid  temperature. 
Although  the  initial  metallic  particle  could  have  achieved  a  cooling 
rate  of  103  -  104  K/sec  once  it  is  surrounded  by  a  slag  envelope,  the 
heat  transfer  rate  would  decrease  substantial ly,  thereby  decreasing  the 
degree  of  supercooling  through  the  subsequent  eutectoid  transformation. 

Examination  of  the  phase  chemistries  from  the  SAM  analyses  (Table  I) 
i.e.  5%  C  eutectic  carbide  and  1.8%  C  pearl ite,  suggests  that  the  pro¬ 
eutectic  austenite  was  rapidly  solidified  (i.e.  103-104K/sec)  from  a 
super-saturated  carbon  liquid.  This  resulted  in  a  higher  than 


equilibrium  carbon  in  the  pearlite  and  a  lower  than  equilibrium  carbon 
in  thp  subsequent  formation  of  eutectic  carbide.  The  12-13%  C  recorded 


in  the  Fe-Cr-C  product  from  reaction  (2)  can  also  be  explained  using 
similar  reasoning,  while  the  very  high  volume  of  primary  carbides 
(Figure  4b)  is  in  agreement  with  that  predicted  by  thermodynamics 
(Figure  7b)  for  a  200%  carbon  stoichiometry  for  reaction  (2). 

CONCLUSIONS 

Commercial  magnetite  and  chromite  concentrates  have  been  reduced  in¬ 
flight  within  the  DC  transferred  arc  plasma  medium  to  yield 
approximately  75%  metallisation  of  the  magnetite  and  approximately  60% 
metallisation  of  the  chromite.  Examination  of  the  products  indicated 
predominantly  carbide,  for  the  chromite-reduced  particles  and  iron 
containing  between  1-3.5%  carbon  for  the  magnetite-  reduced  samples. 

A  considerable  degree  of  metastabil ity  was  achieved  in  the  products. 
The  presence  of  slag  forming  constituents  in  the  concentrates  decreased 
the  metastability,  and  the  level  of  reduction. 
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FIGURE  1.  SCHEMATIC  REPRESENTATION  OF  THE  DC  TRANSFERRED  ARC 
PLASMA  REACTOR 


%  Reduction  Fe^+  to  Fe*" 


FIGURE  2.  EXTENT  OF  METALLISATION  ACHIEVED  FOR  THE  CARBOTHERMIC 
REDUCTION  OF  MAGNETITE  IN  THE  PLASMA  AS  A  FUNCTION  OF 
THE  REDUCTION  OF  Fe3+  toFe2+ 
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FIGURE  3.  SCANNING  ELECTRON 
PHOTOMICRGRAPHS  OF  A  TYPICAL  PRODUCT 
FROM  THE  CARBOTHERMIC  REDUCTION  OF 
MAGNETITE  IN  THE  PLASMA  REACTOR 
(ETCHED  IN  NITAL)  USING  100%  C  WITH 
RESPECT  TO  REACTION  (i). 
a , b)  Fe-C  PARTICLE  SURROUNDED  BY 
Fe0.Si02  SLAG^2 

NOTE:  (lTD'DARK  PHASE  IN  SLAG 

ENVELOPE  IS  Fe  SiO  AND  THE 

LIGHT  PHASE  IS  FeO.  2  4 


c)  INTERLAMELLAR  SPACING  OF  THE 
PEARLITE  IN  b) 

d)  DENDRITIC  ETCH  USED  ON  b) 


(d) 


FIGURE  4.  SCANNING  ELECTRON 
PHOTOMICROGRAPHS  OF  TYPICAL  PRODUCTS 
FROM  THE  CARBOTHERMIC  REDUCTION  OF 
CHROMITE  IN  THE  PLASMA  REACTOR  USING 
200%  C  WITH  RESPECT  TO  REACTION  (2). 
a  &  b)  Fe-Cr-C  PARTICLE  SURROUNDED 
BY  Mg  SiO  -RICH  SLAG. 
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FIGURE  6.  THERMODYNAMIC  EQUILIBRIA  DIAGRAMS  FOR  CARBOTHERMIC 
REDUCTION  OF  MAGNETITE  BASED  ON 
(a)  Fe  0  +  3Fe  +  4C0,  AND 
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FIGURE  7.  THERMODYNAMIC  EQUILIBRIA  DIAGRAMS  FOR  CARBOTHERMIC 
REDUCTION  OF  CHROMITE  BASED  ON 
(a)  3(Fe0.Cr203)  +  17C  =  Fe3C  +  2Cr3C2  +  12CO,  AND 

(bl  200%  STOICHIOMETRIC  CARRON  COMPARFO  WITH  m 


EPMA  ANALYSIS  OF  PARTIALLY  REDUCED  CHROMITE 
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FIGURE  8.  SEM  PHOTOMICROGRAPH  OF- PARTIALLY  REDUCED  CHROMITE  PARTICLE  SHOWING 

(a)  REDUCED  Fe-Cr-C  PARTICLES  (WHITE) 

(b)  UNREDUCED  CHROMITE  (LIGHT  GREY)  IN  CENTRE 

(c)  MODIFIED  CHROMITE  SPINEL  (GREY),  BETWEEN  CENTRE  AND  EDGE 

(d)  Mg2Si04  -  RICH  PHASE  (DARK  GREY),  TOWARDS  EDGE 
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ABSTRACT 

In  order  to  understand  the  complicated  chemical  and  physical  processes 
that  occur  during  the  deposition  of  hard  face  coatings  such  as  diamond  or 
Titanium  Diboride,  diagnostics  that  are  sensitive  to  potential  chemical 
species  are  necessary.  Optical  diagnostics  are  ideally  suited  because  they 
are  remote  and  nonintrusive.  CARS  measurements  were  conducted  on  a  PACVD 
reactor  used  for  depositing  high  quality  diamond  films.  A  mixture  of 
acetylene  (C2H2)  and  Argon  operated  over  a  range  of  total  pressures  down 
to  0.1  Torr  was  used  to  calibrate  the  CARS  system.  This  paper  includes 
details  of  the  scanned  narrowband  colinear  CARS  system  and  examples  of  CARS 
spectra  obtained  for  CH^  and  CjHj  species  under  PACVD  diamond  deposition 
conditions. 


*Research  supported  in  part  by  DOE  Research  Grant  BES-ER  13560 
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INTRODUCTION 


Nonequilibrium  reactive  plasmas  are  recognized  as  a  novel  approach  for  a 
vide  variety  of  material  coating  applications.^  This  type  plasma  provides 
a  unique  environment  wherein  deposition  of  thin,  hard  face,  conformal  coatings 
can  occur  at  much  lover  temperatures  (critical  for  inhibiting  stresses)  and 
within  more  complex  chemical  environments  than  are  possible  by  conventional 
vapor  deposition  techniques.  A  need  exists  for  in-situ  nonintrusive 
techniques  for  diagnosing  and  controlling  PACVD  systems  used  for  thin  coating 
deposition.1  If  improvements  can  be  made  in  durable  hard  face  coatings, 
increased  utilization  of  lightweight  materials  under  advanced  development  will 
follow.  A  complete  understanding  of  the  process  requires  information  on  a 
large  number  of  physical  and  chemical  processes  involving  gas  phase  and 
gas-surface  interactions  and  the  associated  synergistic  effects.  Knowledge  of 
plasma  species  concentrations  and  "temperature"  is  required  for  correlation 
with  the  corresponding  physical  and  chemical  properties  of  the  coatings. 

CARS,  a  nonlinear  optical  laser  technique,  has  high  temporal  and  spatial 
resolution  and  is  capable  of  major  species  concentration  and  temperature- 
measurement  for  near  atmospheric  applications.  It  is  also  suited,  because  of 
its  state  specific  nature,  for  the  study  of  nonequilibria  phenomena.  In 
temporally-stable  situations,  such  as  PACVD  materials  processing,  it  can  also 
be  configured  to  possess  high  detectivity  capabilities. 

Many  compounds  have  potential  for  tribological  hard  coatings,  but  de¬ 
tailed  inspection  and  study  reveal  that  diamond  and  the  titanium  metalloids 
form  an  attractive  group.  The  outstanding  combination  of  unique  material 
properties  of  diamond  offers  the  potential  for  applying  diamond  coatings  in 
many  commercial  applications  ranging  from  protective  coatings  to  films/heat 
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sinks  for  semiconductors  to  optical  lenses  to  electronic  devices  for  space 
environments.  Because  of  its  superior  erosion  and  thermal  shock 
resistance,  TiB^  vas  selected  as  the  titanium  metalloid  hard  face  coating 
material  together  with  diamond  for  initial  investigation  at  UTRC. 

Ti-6Al-4V  was  selected  as  the  substrate  material.  It  represents  a 
critical  alloy  of  paramount  interest  in  many  commercial/aerospace  applica¬ 
tions.  Its  strength  to  weight  and  low  temperature  oxidation/corrosion  re¬ 
sistance  are  excellent,  but  erosion  and  wear  occurs  rapidly,  thus  the  need 
for  applying  a  durable  hard  face  protective  coating. 

APPARATUS 

Figure  1  is  a  schematic  of  the  nonequilibrium  PACVD  reactor  under  current 
investigation  at  UTRC.  The  longitudinal,  tube  type  geometry  was  selected  as  a 
design  viable  for  later  scale  up  to  continuous  production  operation  in 
addition  to  permitting  high  reactant  gas  flows  and  plasma  power  levels; 
increasing  these  parameters  nominally  results  in  enhanced  deposition  rates. 

The  4.0-cm-0D  test  section  is  constructed  of  high  purity  fused  silica  and  high 
vacuum  flanges  for  rapid  disassembly.  A  5  kW  radio  frequency  (rf)  power 
supply  operating  at  13.56  MHz  is  used  to  inductively  couple  the  rf  power  into 
the  plasma  through  a  multiple-turn  water-cooled  copper  work  coil.  Exploratory 
test  results  revealed  the  importance  of  minimizing  contamination  in  the  PACVD 
system.  As  a  result,  a  completely  oil-free,  venturi,  vacsorb,  cryopump  and 
vacion  pump  system  is  used,  including  a  MKS  flow  metering  system  with  special 
traps  (e.g.,  GalnAl)  and  getters  to  remove  water  vapor  and  oxygen.  To  augment 
pumpdown  time  and  provide  operating  range  flexibility,  a  380  tVs 
turbomolecular  pumping  system,  modified  for  corrosion  resistant  operation  is 
used  together  with  a  residual  gas  analyzer  to  monitor  trace  impurities.  This 
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system  is  capable  of  initial  operating  pressures  down  to  10  torr.  The 
cleanliness  of  the  substrate  (1.3-cm-dia  x  2  mm  thick)  prior  to  coating 
deposition  is  believed  to  be  a  key  requirement  for  achieving  good  coating 
adherence  to  the  substrate.  Therefore,  a  test  sample  holder  and  isolated 
load-lock  and  transport  system  are  interfaced  with  the  PACVD  system.  This 
technique  allows  direct  SIMS/ISS  analysis  of  the  substrates  immediately 
following  in-situ  plasma  cleaning  and  provides  a  unique  capability  not 
reported  in  the  literature.  To  facilitate  conducting  optical/laser  diagnostic 
measurements  from  the  active  plasma  zone  to  the  tailflame  region  and  adjacent 
to  the  substrate,  colinear  optii  .  ports  and  an  automated  traversing  assembly 
are  used.  Additional  advantages  of  this  type  system  include  the  provision  for 
graded  composition  control  and  independent  biasing  and  temperature  monitoring 
of  the  substrate. 

As  hardness  and  adhesion  are  critical  parameters  for  characterizing  thin, 
hard  face  coatings,  a  state-of-the-art  ultramicrohardness  tester  and  UTRC 
custom  built  adhesion  test  apparatus  have  been  installed  and  preliminary 
calibration  testing  initiated.  The  ultramicrohardness  tester  (Nanoindenter ) 
can  resolve  forces  as  small  as  2.5  N  and  displacements  of  0.4  nm.  The 
adherence  measurements  are  made  on  a  computer-controlled  pin-on-disc  apparatus 
that  has  a  3-axis  force  transducer  and  a  device  to  measure  the  advance  of  the 
pin  into  the  coating.  A  modification  to  this  device  using  an  ultrasonic 
sensor  allows  for  coating  delamination  detection.  Reference  3  describes 
details  of  this  equipment. 

Figure  2  is  a  simplified  schematic  of  the  colinear  phase-matched  CARS 
system;  the  dye  laser  is  scanned  to  generate  tne  CARS  spectrum.  This  scanned 
narrowband  approach  is  used  to  get  maximum  species  sensitivity  by  sacrificing 
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temporal  resolution.  In  this  way  all  of  the  available  laser  pump  energy 
excites  a  single  transition  of  the  resonant  molecule  and  increases  the 
sensitivity  by  several  orders  of  magnitude.  The  basic  equipment  includes  an 
injector-seeded,  single-mode,  frequency-doubled  (532  nm)  Nd:YAG  primary  beam 
pump  laser  and  a  narrow  bandwidth  (0.4  cm-^)  Stokes  beam  scanned  dye  laser. 

The  two  laser  beams  are  aligned  colinearly  and  focused  in  the  medium.  The 
frequency-shifted  CARS  signal  is  formed  in  the  laser  focus  and  all  three  beams 
exit  the  reactor  where  a  dichroic  separates  the  CARS  from  the  incident  wave 
mixing  beams.  Digital  acquisition  of  the  CARS  and  reference  signal  are 
obtained  from  fast  gated  PMT  detectors.  The  digital  acquisition  system  also 
records  the  wavelength  shift  of  the  scanned  dye  laser  for  calibration  of  the 
CARS  spectrum.  All  signals  are  digitized  and  processed  in  a  computer.  The 
result  is  a  spectrum  of  the  ro-vibrational  manifold  of  the  medium  from  which 
identification  of  species,  their  concentration  and  temperature  (vibrational 
and  rotational)  can  be  obtained.  With  appropriate  referencing,  the  molecular 
concentration  can  be  measured  to  within  1%  of  the  total  gas  density  and  the 
population  in  the  vibrational  and  rotational  states  determined  for  assignment 
of  temperatures. 

RESULTS  TO  DATE  AND  DISCUSSION 

In  the  exploratory  experiments  directed  at  diamond  coatings,  a  mixture  of 
1£  CH^  in  ^  was  used  at  a  total  pressure  of  5  torr.  The  rf  coils  were 
located  at  the  optical  port  location.  Figure  3  is  an  example  of  the  CARS 
methane  (CH^)  molecular  signal  obtained  for  the  mode.  It  illustrates 
the  effect  of  increasing  rf  power  on  depleting  the  methane  concentration. 
Measurements  were  also  made  of  the  weaker  2^  and  modes.  Very  little  is 
known  about  the  chemical  mechanisms  of  diamond  film  growth.  Global  kinetic 
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theories  have  been  proposed  based  on  nucleation  theory  and  equilibrium.  Other 
proposed  mechanisms  rely  on  the  presence  of  C2H2  or  CH^+.  Frenklach 
and  Spear  at  Pennsylvania  State  University  ^  have  proposed  an  alternative 
mechanism  for  diamond  growth.  It  basically  consists  of  two  alternating  steps. 
First,  the  surface  is  activated  by  H-atom  removal  of  a  surface-bonded 
hydrogen.  The  surface  activated  carbon  radical  then  acts  as  a  site  for  adding 
more  carbons  to  the  structure,  by  reacting  with  acetylene  (C2H2)  in  the 
plasma.  To  provide  more  quantitative  experimental  information  to  verify  these 
proposed  theories  and  improve  the  basic  understanding  of  the  diamond  growth 
process,  a  series  of  CARS  experiments  was  conducted  focused  on  measurement  of 
the  C2H2  molecular  species.  C2H2  *s  a  ^*near  molecule  with  five 
fundamental  vibrations.  Figure  4  illustrates  a  CARS  spectrum  of 
(uj  band)  measured  using  the  CARS  system  shown  in  Figure  2.  This 
measurement  was  made  at  room  temperature  and  10  torr  reactor  total  pressure 
while  flowing  a  mixture  of  5%  Cjf^  in  Argon.  High  purity  C2H2,  as 
checked  via  a  gas  chromatograph,  in  concentrations  of  both  5Z  and  0.5X  in 
Argon  were  used  in  these  measurements.  The  measurements  obtained  using  both 
concentrations  indicate  a  C2H2  detectability  of  5mtorr  was  achieved  with 
the  present  system. 

To  determine  the  effect  of  rf  plasma  location  on  the  ability  to  detect 
the  C2H2,  a  series  of  tests  was  conducted  for  the  different  configurations 
shown  in  Figure  5.  In  each  case  the  total  pressure  was  3  torr.  The  5X 
C2H2  in  Argon  was  only  detected  when  the  rf  plasma  was  located  downstream 
of  the  laser  optical  ports.  In  the  other  locations,  the  concentration  of 
C2H2  was  less  than  5mtorr.  The  next  step  was  to  investigate  the 


configuration  and  test  parameters  under  which  high  quality  diamond  coatings 


have  been  deposited.  The  results  for  the  CARS  spectrum  of  02^)^  mode 
observed  at  3  torr,  is  shown  in  Figure  6.  The  rf  plasma  power  was  300  watts 
and  the  and  CH^  flow  rates  were  99  and  1  seem  respectively.  The  rf 
coils  were  located  at  the  optical  port  axis  and  the  Ti-6Al-4V  substrate  was 
located  within  the  plasma  plume  and  1-cm  downstream  of  the  optical  centerline. 
For  this  configuration,  no  02^  CARS  signal  was  observed  in  any  of  these 
tests.  This  would  indicate,  if  C2H2  were  present  that  it  was  at 
concentration  levels  less  than  the  5mtorr  current  detection  limit  of  the  CARS 
system.  The  quality  of  the  deposited  diamond  films  was  determined  from  their 
Raman  spectra.  Figure  7  is  an  example  of  the  test  results  obtained  using 
Raman  scattering  on  a  Ti-6A1-4V  substrate  that  was  coated  with  the  poly¬ 
crystalline  diamond  film.  In  these  measurements,  a  tunable  cw  dye  laser 
operated  in  a  single  frequency  configuration  with  a  line  width  of  <5  MHz, 
tuned  to  16956.18  cm-1,  was  used  as  the  excitation  source.  Raman  spectra 
reported  by  Matsumoto  ^  for  thin  diamond  films  indicate  only  one  sharp 
peak  at  about  1333  cm-*.  This  is  very  close  to  the  value  1332.5  cm-1 
reported  for  natural  diamond  by  Solin  and  Ramdas  ^  ^ .  A  feature  of  the  UTRC 
diamond  coating  is  that  no  graphite  peak  was  detected  in  any  of  the  Raman 
measurements.  X-ray  diffraction  measurements  indicated  the  observed 
interplanar  spacings  are  in  close  agreement  with  reported  values  (2.065  and 
1.262  A)  of  natural  diamond  (ASTM  6-675)  and  UTRC  reference  natural  diamond 
material . 

Based  on  the  above  experiments,  the  following  are  the  preliminary 
results:  1)  a  CH^  CARS  spectrum  was  observed  in  the  rf  plasma,  2)  increasing 
the  rf  plasma  power  reduced  the  CH^  CARS  signal,  3)  the  rf  plasma 
significantly  reduces  the  C2H2  CARS  signal  in  C2H2/Ar  flow,  4)  the 
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C2H2  CARS  spectrum  was  not  observed  in  rf  plasma  CH^/I^  diamond 
deposition  tests  to  date.  The  present  detectability  limit  is  5mtorr. 

Investigation  of  the  CARS  spectrum  of  the  dominant  species  for  the  TiBj 
coating  obtained  using  the  reactant  TiCl^  and  82^  is  in  progress. 

SUMMARY 

Novel  laser/optical  diagnostic  (CARS)  and  coating  surface  analysis 
techniques  (Nanoindenter  and  adhesion  pin-on-disc  with  acoustic  emission 
sensor)  are  candidates  for  application  as  plasma  materials  processing 
diagnostic  tools,  each  with  its  own  inherent  advantages  and  associated 
limitations.  Recognizing  that  no  one  diagnostic  technique  will  suffice,  it 
will  only  be  through  the  complementary  use  of  these  techniques  that  a 
fundamental  understanding  of  the  relationship  between  plasma  process  variables 
and  properties  of  the  processed  material  will  evolve.  This  may  ultimately 
lead  to  simple  process  control  strategies,  including  in-situ  laser  diagnostics 
and  sensors,  to  ensure  high  quality,  economic,  reproducible  plasma  deposition 
of  advanced  coatings  in  a  production  scale  environment.  Research  addressing 
these  aspects  is  continuing. 
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FIGURE  1.  SCHEMATIC  OF  PACVD  REACTOR 


FIGURE  2.  SCHEMATIC  OF  NARROWBAND,  COLINEAR  SCANNED  CARS  SYSTEM 
USED  IN  PACVD  EXPERIMENTS 
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FIGURE  3.  EFFECT  OF  RF  PLASMA  POVER  ON  CARS  METHANE  SPECTRUM 


FIGURE  4.  CARS  SPECTRUM  OF  ACETYLENE 
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FIGURE  5.  C2H2  DETECTION  LOCATIONS 
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6.  CARS  SPECTRUM  OF  ACETYLENE  IN  PACVD  DIAMOND  COATING  DEPOSITION 


FIGURE  7.  RAMAN  SPECTRA  OF  DIAMOND  COATING  DEPOSITED 
VIA  PACVD  ON  Ti-6Al-4V  SUBSTRATE 
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